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SUMMARY
The reaction between a metal and oxygen may be considered to take 
place in a series of sequential steps, one of which, being much slower 
than the rest, may be said to determine the reaction rate. In order to 
determine this rate controlling step and the oxidation mechanism, it is 
essential to carry out experiments in which the oxidation kinetics are 
altered in response to a well-defined change in conditions.
Having the above point in mind, the effect of external electric 
currents on protective oxidation (< 723°K) of copper and nickel, were 
used as a useful tool to investigate the oxidation mechanism and 
particularly the validity of Uhlig’s theory of the protective oxidation 
of metals. The external electron current was supplied by an emitting 
filament in a triode value arrangement, the plate of which was the 
oxidizing specimen. This was in turn suspended from a microbalance 
hangdown, which enabled the oxidation kinetics to be followed directly 
by a chart recorder.
The response of the oxidation kinetics was independent of the 
applied current, but was related to the presence of the heated filament. 
This evidence,accompanied by experiments in which various shields were 
used to mask the specimen from the line-of-sight coupling with the 
filament, showed that the rate controlling step involved molecular 
oxygen species. Thus the rate of oxidation is not determined by 
processes at the metal/oxide interface as in Uhlig’s theory, but at 
the oxide/gas interface.
A model is given which leads to the definition of the first 
electron transfer to molecular oxygen as the rate controlling step in 
the reaction sequence. It is also shown mathematically that the kinetic 
data best fits a single stage direct logarithmic rate law rather than 
the two-stage one proposed by Uhlig.
Most of the discussion of logarithmic oxidation has been concerned
with the pure metals. Alloys, however, also show similar kinetics of 
oxidation and the techniques applied to copper and nickel were therefore 
also applied to an alloy of the two metals. There was very little 
response to the presence of the hot filament and it was concluded that 
the oxidation rate is controlled by a different step in this case. The 
outer surface of thick oxides formed on high copper, cupronickel alloys 
is invariably copper oxide, yet at room temperature the oxide film is 
entirely nickel oxide. The ESCA (or XPS) technique was used to 
determine the temperature at which overgrowth of the initial nickel 
oxide by cuprous oxide took place on a 60/40 alloy. By means of 
interrupted oxidation runs on a heated probe in the ESCA spectrometer, 
the physical and chemical displacement of CU2 O by NiO was followed. It 
was concluded that diffusion across the inner NiO phase is probably the 
rate controlling step during both oxidation and annealing-of the alloy 
at temperatures as low as 433°K, and that the logarithmic law for this 
alloy is explicable by a modification of Evans’ model. The XPS spectra 
have been, interpreted quantitatively and excellent agreement is found 
between the calculated stoichiometry and the chemical shifts of the 
Auger spectra.
The development of a new technique for conductivity measurements 
on thin oxide films is also described and is accompanied by results
u° . . .obtained on thin (> 10 A) films of copper and nickel oxides. It is 
concluded that this technique may be useful in following the build-up 
of electron barriers within the oxide.
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C H A P T E R  1
LITERATURE SURVEY
1.1 Introduction
Although the total chemical equation:
aM + —  0o M 0, .... ..... (1.2 2 a b
between a metal and oxygen gas to form the metal/oxide may seem to be 
simple, the reaction path and the oxidation behaviour of a metal depends 
on a variety of factors, and the reaction Mechanism may as a result 
prove complex.
Generally the mechanism of oxidation is a function of pretreatment 
and surface preparation of the metal, as well as temperature, gas com­
position, pressure, and the elapsed time of reaction. When the large 
variations in the properties of different metals, alloys and their oxides 
are considered, it is not surprising that a large number of different 
theories are needed to describe their oxidation behaviours.
A common classification of oxidation reactions is made in terms 
of temperature ranges:
•low temperature, (< 723°K), which corresponds to the formation of a 
protective film whose thickness is given by a logarithmic-type 
growth law, and high temperature range (> 723°K), whose character­
istic is the formation of thick scales according to a linear or 
parabolic kinetics. Irrespective of the oxidation temperature 
concerned, the reaction product frequently appears as a compact 
phase. And it is this barrier which largely determines the extent 
and rate of oxidation.
1.2 Ionic Movement in Oxides, and Lattice Defects 
The stability of metals to oxidation depends to a large extent on
the structure and properties of the initial oxide film formed at the first
stages of reaction. Whenever a compact oxide is formed on the metal 
surface, the barrier so formed will separate the reactants, and further 
oxidation will be possible only by a solid-state diffusion through the 
oxide. Wagner postulated that, this process takes place by movement of 
both oxygen ions and metal i o n s ^  .
For ionic movement through the oxide, there must be some point
. . (o)
defects present m  the oxide, and it was shown by Wagner , and others,
that oxides are not stochiometric in composition. For example, cuprous
oxide is generally denoted by Ck^O, but chemical analysis indicates that
this is a metal deficit oxide . This is also the case for nickel
oxide (NiO).
The model for these oxides is shown in Figure(l* ljthe cation lattice
contains some vaiancies, and electricl neutrality is established by the
• • • • 4*2 4 * 3
formation of cations with higher valancy, m  this case Cu and Ni .
It is readily understood that there exists some electron defects 
with a number equal to the charge on the cation vacancies. Ionic con­
duction is a diffusion process and it is dependent upon the existence of 
vacant sites; for instance the more cupric ions that are present in the 
oxide the higher its ionic conductivity will be. It is worthy of 
mention that electronic conductivity is also determined by the number of 
electron defects, this means that a good ionic semi-conductor of this 
kind has a high electronic semi-conductivity too. The conduction mechanism 
in metal deficit oxides arises from an overal electron deficiency, and 
they are classified as p-type oxide semi-conductors.
The other main class of oxides contain an excess of metal which 
is located on interstitial lattice sites, and accompanied by an equivalent 
number of electronic defects, which are quasi-free electrons in this case 
Figure (1.2) illustrates zinc oxide as an example of this category.
Ionic conduction occurs by jumping of interstitial ions from one intersitial
Cu+ Cu+ □ Cu+
0= 0= 0= 0"
+ „  ++ +Cu Cu Cu Cu
0 .++Ni 0 Ni3+ 0
„. ++Ni 0 Ni 0 Ni
0= Ni3+ 0= □ 0=
_ • + + .. . ++Ni. 0 Ni 0 Ni
Figure 1.1 (a) Cuprous oxide, and (b) Nickel oxide as examples of
a metal deficit (p-type) semi-conductor
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Figure 1.2 Zinc oxide as an example of a metal-excess (n-type) 
semi-conductor
position to another adjacent one, while electronic conduction occurs by
the movement of electrons. This type of oxides are classified as n-type
semiconductor oxides.
An n-type semiconductor may have an anion deficiency instead of
(3).having an excess of metal. Ta^O^ is an example of this type. A p-type 
semiconductor also can have an excess of anions. Here, the anion must 
be situated on interstitial positions in oxide lattice, and the large 
size of the anion would produce considerable local strain.
1.3 Diffusion Processes in Oxides
In compact oxides the diffusion takes place by the migration of
ft
point defects as was mentioned previously. The driving force for 
diffusion is the chemical potential gradient across the oxide, which is 
determined in turn by the equilibrium between the oxide and metal, or 
oxide and oxygen. Taking cuprous oxide as an example for p-type oxides; 
at the oxide-oxygen interface the vacancy concentration can be obtained 
from the equilibrium:
1  Oj," 2(Cu+/o) + 2(e/o) + Cu20    (1.2)
From the law of mass action, assuming that the active mass of bulk Cu 
and CU2 O = 1, it is easy to show that the concentration of cuprous ion 
vacancies vary according to the eighth root of the oxygen partial pressure.
The equilibrium at the metal-oxide interface is represented by:
2Cu + 2(Cu+/ci) + 2(e/p)^ =. V nil (1.3)
The concentration of both, cuprous ion vacancies and positive holes, 
as determined by the equilibria (1.2) and (1.3), will be different at 
the two interfaces, so that a chemical potential gradient will exist across 
the oxide. Under the influence of this potential gradient the vacant cuprous 
ion sites and positive holes created at the oxide-gas interface will 
diffuse across the oxide layer to be annihilated at the metal-oxide 
interface, so that the overall reaction is:
2 Cu + j  Cu20 .......... (1.4)
Taking zinc as an example for an n-type oxide, the appropriate 
equilibria at the two interfaces are:
Zn -v—- - Zn^+o + 2eo .......... (1. 5)
i  02 + Zn2+o + 2eo ^ ==±rZnO .......... (1.6)
Here, annihilation is taking place at the oxide-gas interface for inter­
stitial ions and quasi-free electrons created at the metal-oxide inter­
face, the overall reaction can be written as:
Zn + i  02^ = ^ Z n 0  . *.....   (1.7)
1.4 Theories of Metal Oxidation 
1*4.1 The Thick Film Parabolic Law
The high temperature (> 723°K) oxidation of metals often results 
in the formation of a compact scale on the metal surface, which acts as 
a barrier separating the metal and the oxygen gas.
The most important contribution to the field of high temperature
(14)
oxidation has been given by Wagner ’ which applies to compact scales
of reaction products. The theory assumes that reactions at phase boundaries 
are rapid, thermodynamic equilibrium is established at the boundaries, 
and it is the volume diffusion of the reacting ions across the scale which 
determines the rate of oxidation. This diffusion occurs due to the 
chemical potential as well as electrical potential gradient across the 
oxide.
influence of the magnitude and direction of the electron flux across the 
growing oxide on the mechanism of oxidation, the derivation of Hoar and
treatment the reacting system is considered as an electrochemical cell 
with an electromotive force E, which is determined by the free energy
flowing through an "inner” circuit.as represented by the ions - Ionic 
Current - and an "outer" circuit as represented by the electrons - Electron 
Current. The ionic path represents a resistance:
The derivation of Wagner*s parabolic rate has been given by several
(K— g)
people in different terms. Since this thesis is concerned with the
/ o\
Price will be given. This gives in a straight forward way#a clear 
picture of the mechanism in terms of appropriate parameters. In this
change of the reaction, AG• This EMF gives rise to a current
R x x (1.8)• • • • • • • • • •
and the electron path
e
Where t^, tx, and t^ are transfer numbers of cation, anion and electron 
respectively, and a is the conductivity of the oxide.
The electrical current that flows across the oxide is given by:
(1.9)
By reference to the fact that the rate of oxidation is proportional to 
the electric current (I), integration of equation (1.9) results in a 
parabolic relationship of the form:
Where x is the oxide thickness, K is the rate constant, and t is time.
of oxidation from diffusion coefficients and measured values. There 
are many examples in the literature of metal oxidation according to the
1.4.2 Low Temperature Oxidation
The characteristic feature of low-temperature oxidation of a large 
number of metals is that the oxidation rate is initially very rapid and 
then it gradually drops off to very low levels.
A large number of theories and models have been put forth to 
explain the kinetics of low-temperature oxidation of metals and particularly 
the logarithmic oxidation behaviour. In most cases it is difficult and 
even impossible'to verify the validity and the correctness of the various 
models and the parameters involved in the derived equations. The detailed 
chemical composition of oxide films and the nature of defects in the films 
are not easily studied and not well known, and these factors may also be
x2 = Kt (1.10)
The validity of parabolic rate law has been demonstrated for the
. . (9) (10) (11) . 
oxidation of Fe Co Cu by comparison of the calculated rates
parabolic rate law: some examples are the oxidation of copper
(12)
and
a function of surface orientation, surface preparation, impurities, etc.
For these reasons and because of the experimental difficulties involved, 
low temperature oxidation is the least understood field of the oxidation 
of metals.
When an oxide film covers the surface of a metal, it is assumed 
in many models that a transport of electrons or reacting ions through the 
film determines the reation rate. Whereas at higher temperatures this 
transport is assumed to involve a diffusion which is due to a chemical 
potential gradient across the scale. At low temperatures, where the oxides 
are much thinner an electric field across the film or space-charge in the 
film caused by the chemisorption of oxygen on the oxide surface must also 
be taken into account to explain the reaction behaviour.
The most fruitful model for low temperature oxidation of metals
. (14) . . .has been given by Mott and Cabrera . In this theory it is assumed
that at low temperatures the ions could not simply diffuse through the
film, but that the electrons are able to pass from the metal to the
oxygen adsorbed on the surface of the thin film, by the so-called electron
tunnelling through the oxide. In this case cations would be formed at
the metal/oxide interface, and oxygen anions at the oxide/gas interface,
creating an electric field which facilitates the transport of ions across
the oxide film. Mott and Cabrera pointed out that when the oxide thickness
is less than a critical thickness "X given as = 10“lf cm, any space-
charge in the oxide will be neglected, and diffusion is influenced only
by the electrical potential developed across the oxide.
Let us consider a film of the excess cation type (n-type), such as ZnO. 
As it is indicated in Figure (1.3), an interstitial ion can jump from 
one interstitial lattice site to the next one if it is able to overcome 
the potential barrier U. In the absence of a field the probability per
—u /ktunit time for an ion to jump this barrier is ve , where v is the frequency 
of ionic vibration.
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Figure 1.3. Potential energy of an interstitial ion in the
(14) .
neighbourhood of the metal/oxide interface
In a field, however, in directions perpendicular to the field the 
height of the potential barrier is unchanged. But in the directions of 
the field, and against the field it changes by the amounts ± ■— ZeaE 
respectively, where a is the distance between adjacent lattice positions,
Ze the charge of the ion, and E is the electric field strength. The 
jump probability in the presence of the field changes to:
-(U - \ eZaE)/KT 
ve \ ......_____ (1.11)
in the direction of the field,and to:
-(U + \ eZaE) /KT 
Ve .......... (1.12)
in the opposite direction.
Therefore the drift velocity of ions will be:
"U/KT (expiZeaE/KT - exp"iZeaE/KT) .......... (1.13)y - vae
Now, two situations are considered: very thin film , and thin film growth.
1.4.2.1 Very Thin Film Region
When the oxide films formed on the metal surface are very thin 
electrons pass through the oxide very easily by the quantum mechanical 
tunnelling effect, setting up strong electric fields as high as 107 V/cm 
for film thickness of about 50 . in this case the second term in
the bracket of equation (1.13) can be neglected, hence:
-U/KT |eZaE/KT y = vae e. .......... (1.14)
Here, each ion that escapes from the metal is pulled through the oxide, 
and therefore the rate of reaction is determined by the rate of ion 
escape from the metal. If Wi is taken as the heat of solution of a positive 
ion, Figure (1.3). The rate of oxidation can be written as:
dX _ -W/KT ZeaV/KTX~ =  Nftvexp exp     (1.15)
Where N - number of ions per unit area surface in sites such as P in Figure(l.3)
V = Electrostatic potential across the oxide (V = EX),
ft = the oxide volume per cation,
W = U + W^, and W^ is the heat of solution of a positive ion.
Z = valancy of cations,
approximate integration of equation (1.15) results in the inverse log­
arithmic rate equation:
i  = A - BLnt .......... (1.16)
Experimental evidence in support of this rate law has been found in the
. , . A1(15) . (16) , (17)oxidation of A1 iron and copper
1.4.2.2 The Thin Film Region
(14)As has been shown by Mott and Cabrera the validity of the inverse 
logarithmic law is limited by a critical temperature given by:
Tc = J k   <la7)
At temperatures above this critical value the rate of oxidation 
does not decrease to a negligible value, for this range of thicknesses 
(v 100 X) electrons can still penetrate the film, and the electric field
is still responsible for diffusion across the oxide. The existance of 
any space-charge is neglected as long as the film remains thin compared 
with the critical thickness X . However, the gradient of chemical potential 
is small compared with the electric field which controls the diffusion 
of ions through the oxide and, hence, determines the rate of reaction.
For this range of film thicknesses the field is small, such that 
|eZaE« KT. By considering this condition, expanding the terms inside 
the bracket of equation (1.13) and, as a result of neglecting the small 
terms-in the expansion, a drift velocity proportional to the. electric 
field is arrived at. This being a condition of the parabolic rate law, 
given by:
X2 = 2At     (1.18)
Where A *= n^D^sKeV/KT)
n. = concentration of interstitial ionsi
D. = diffusion coefficient of ions, andl *
ft = volume of oxide per ion.
1.5 Deviations from fIdeal* Behaviour
Q 8  1 9 ^
As literature surveys on * metal oxidation show, wide 
deviations from the law, just derived, do occur in the majority of cases; 
two extreme cases usually seem to happen as oxidation proceeds.
(a) After an initial period the oxidation rate practically diminishes
and a limiting film thickness is reached, then the protection of 
the metal from further oxidation is provided by this film.
(b) The film increases in thickness with a constant linear rate
resulting in the consumption of the metal substrate. 1
It is obviously of great practical importance to establish the 
reasons for these deviations; unfortunately no general agreement has been 
reached. However, a number of useful ideas and theories have been put 
forward; among which those concerned with case (a) will be outlined in 
the next section, due to their relevance to the present work.
1.5.1 Protective Oxidation “Logarithmic Rate Law”
Many cases are known that the oxidation of metals results in a 
protective oxide film. A protective film in this sense is referred to as 
a Vthin1 film less than 10“  ^cm in thickness as was mentioned by Mott.
Examples of thin film protective oxides are: the oxidation of n i c k e l ^ ,
.7* (22) „ (23) • (24) . (25) , .. . . (26)Zmc' Copper' , Zirconium , Magnesium and Aluminium .
The growth of these oxide films cannot be explained in terms of
very thin film theories, because the films formed are often much too
thick (> 1000 X), and the temperature of oxidation is usually above the
critical temperature Tc» The kinetic data mentioned above, best fitted
a one or two stage direct logarithmic law, as follows:
♦
X = Kin (at + 1)...................... .......... (1.19)
Where X is the oxide thickness, t is time, and K and a are constants.
Various theories have been given to interpret the direct logarithmic
. . (27)
growth rate, although none of them is acceptable m  all respects. Mott
proposed a model in which electron tunnelling through the oxide film is the
( 2 8^
rate-determining step. Subsequently, Hauffe and Ilschner revised this 
model. They considered that both electron tunnelling and ion migration 
could be the rate-determining step during different portions of the oxide 
growth period. Oxide growth is initially limited by the electronic current, 
but after a certain thickness the oxide has been reached, the rate of ion 
migration becomes the limiting factor.
(29)Fromhold and Cook, m  their recent works , have reversed the 
idea of Hauffe and Ilschner. By using the concept of coupled currents, they 
proposed that oxide growth is limited first by ionic migration and then 
by the electronic tunnelling current.
Various models based on mechanical changes, such as the development 
of pores and cracks, has been discussed by Evans In one of these
models it is assumed that the ionic migration is taking place through the 
pores and the collapsing of the pores or channels will result in an increase 
of the activation energy for ion migration and then a decrease in the
oxidation rate. This model results in a logarithmic rate equation.
(31) . (32)Eley and Wilkinson , following Lanyon and Trapnell , have.
put forward a model of low temperature oxidation which leads to a direct
logarithmic equation. They supposed that, whatever the mechanism by
which ions move,is, the activation energy is of the form:
W = WQ + pX .......... (1.20)
Where v is a constant characterisitc of the oxide. As the oxide thickens,
ionic mobility decreases, perhaps by the blockage of pores as proposed
tion 
(33)
by Evans , or by the elimina of channels for easy ion migration as
proposed by Dell, Oca and Young
Based on equation (1.20), the growth rate becomes:
“(Wo + pX)/KT
—  = A exp............................ .......... (1.21)at
Which after integration gives a logarithmic law.
In other treatments of low-temperature oxidation of metals, processes 
at interfaces have also been postulated as being rate-limiting. Grimly
/ o/\ /
and Trapnell , and also P.T. Landsberg , have considered chemisorption
(36)processes, while Uhlig has been concerned with electron injection at 
the metal/oxide interface, and the effect of space-charge. This theory 
gives a two-stage logarithmic law which frequently appears in thin film
( l O  O N
oxidation over extended periods of time .
Recently, it has been shown in a series of papers given by
(37-39) . . .
I.M. Ritchie et al , that logarithmic kinetics can be the result of
a slow electron-transfer to a singly charged oxygen species adsorbed on
the surface of the oxide. The above agrument has been formulated in
another p a p e r u n d e r  the assumption that the second ionization of 0
at the oxide/oxygen interface is the rate-determining step.
The importance of anion migration in oxides formed at low temperature
. . (41)
oxidation has been recently discussed by Mott and Fehlner . These
authors explained the observed direct logarithmic law on the basis of
chemical bond strength in oxides. According to the mean bond strength,
oxides which have high, largely covalent bond strengths, are supposed to
have channels allowing a large anion to move more easily than a small cation
through the oxide structure. Assuming that a constant field is maintained
across the oxide, and eliminating electron tunnelling as a limiting process,
it has been supposed that consolidation of oxide structures as a result
of its thickening eliminates the channels which, in turn, makes the ion
entry into the oxide more difficult. This fact has been expressed as an
increase in barrier height to the entry of ions into the oxide. This
barrier then has the form:
W - qaF/2 + yX .......... (1.22)
Here y is a constant characterisitc of the oxide structure and F is the
(31)
field. Following Eley and Wilkinson a logarithmic expression for oxide
growth was derived from equation (1.22). The above mentioned explanation has
. (42)
been questioned more recently by M.J. Pryor
The kinetics observed in thin film oxidation do; : not always 
follow the simple logarithmic law over extended periods. In fact they
/ O £ \
frequently appear to conform to a two-stage logarithmic law. Uhlig
(43 44)
first proposed a theory to account for this observation, but Fromhold * 
has amply demonstrated that the theory is not sound. The concept of a 
two-stage logarithmic law has been given rather more credance recently 
by R i t c h i e .
As the main part of this thesis is concerned on the effect of 
electric fields on the direct logarithmic oxidation behaviour;, and in 
determining the validity of the Uhlig oxidation theory in such cases, this 
model will be discussed in more detail in the following section, then 
the more recent conceptions of Fromli old^^V and Ritchie^^on the observed 
logarithmic behaviour will also be reviewed.
1»5.2 The Uhlig Theory of Two-Stage Logarithmic Law
It is obvious that, an acceptable mechanism of thin film oxidation
of metals should first establish the actual rate-determining process.
(36) . .
As Uhlig suggested , a detailed examination of the reaction-rate data
provides evidence that the rate of oxidation is controlled largely by the
processes at the metal/oxide interface, rather than by reactions at the
oxide/oxygen interface, or by diffusion process through the oxide. According
to Uhlig this evidence comes from the effect on the oxidation rate of
crystal orientation, lattice transformation and curie temperature. Also
convincing evidence is available to show that electron flow from metal'
to oxide is the slow step for several metals and, therefore, controls
the reaction process in the formation of films as thick as several thousand
Angstroms. This evidence in part comes from the empirical relationship
first proposed by Rideal and W a n s b r o u g h - J o n e s ^ 5 ^ , These authors.showed
that for oxidation of platinum, carbon aid tungsten, the following relation
holds:
AE = $ - Ko |
(1.23)
Where AE is the observed activation energy for oxidation, and is the 
work-function of metal or carbon. The term K is a constant equal to
3.6 eV, and was expressed by Rideal and Wansborough-Jones as the sum of 
where $a is the energy of adsorption and is the electron 
affinity, of the adsorbed oxygen molecule. The observed relation between 
work function and activation energy clarifies why the rate of oxidation 
should vary with crystal face, since the work function also varies with 
crystal face. .
From these correlations Uhlig concluded that the oxidation rate is 
controlled by electron flow from the metal to the oxide at the metal-oxide 
interface. He then calculated the rate equation for a two-stage direct 
logarithmic law on the assumption of a negative space charge which 
influences the electron flow from the metal to oxide at the metal/oxide 
interface. As it is shown in Figured. 4) two kinds of space charge are formed. 
The first formed constant density space charge, consists of electrons 
trapped at all'available imperfection or impurity sites in the oxide, 
this constant density layer corresponds to the first stage, whereas the 
second stage corresponds to the development of a diffuse space charge with 
a decreasing fraction of the available sites exhibiting charge as the oxide 
thickens. Electron transfer is impeded by the increasingly negative space 
charge of the oxide which grows. The formation of a diffuse space-charge 
overlying the uniform one is accompanied by a higher oxidation rate 
constant because of the lower average charge density per unit oxide thick­
ness acting to slow down electron transfer. Derivations carried out in 
Ref. (36) by Uhlig resulted in the following rate equation:
LDiffuse Charge Density 
Barrier Layer
Uniform Charge 
Density I
Barrier Layer!
Space Charge Layer
METAL OXIDE
-j-i• ,(36)Figure 1.4
y(t) = KQIn (| + 1) (1.24)
r r u  v  e K TWhere K = ----- -
° 4irne2Jl
and
Ko e((j) - V)
T = x  exp V
for the first stage, and
K =
T =
X
K
KT
-C e o
-C e
u O
T exp- W
for the second stage, the parameters x q and CQ are as follows:
x = o
eKT
2iTn e2 o
, _ “4TTne£L ttNand C  ---------- (d> - V)o e
Where e = dielectric constant of the oxide 
K = BoltzmannTs constant 
T = absolute temperature
n = space-charge density in the uniform layer 
e = electron charge 
SL = a hypothetical film thickness 
A = constant 
<{> = metal work function 
V = oxygen electron affinity 
nQ = the density of available sites in the diffuse barrier layer 
L = the observed thickness of uniform barrier layer. 
y(t) = oxide thickness
. . . .  (43)The Uhlig theory has been criticized by A.T. Fromhold , who
suggested that for oxide thicknesses larger than the maximum tunnel
thickness which is of the order of 50 &, the parameter (the electron
affinity of the adsorbed oxygen) cannot serve to aid the electron in
its initial escape from the metal crystal, which is assumed to be the
rate limiting step. Fory(t) »  6, where 6 denotes the maximum tunnel
thickness, the rate law was found by Fromhold to be a logarithmic
relationship as (1.24), but with different values for constants Kq and t
II tr _ eKTHere K =o
4irne^ <5
Ko e<|>/KT and t = ——  exp 
A
For a given magnitude of space-charge, the value of Kq, as defined 
above is increased by the ratio l/S over that given by Uhlig in equation 
(1.23) for the first sta.ge logarithmic oxidation, since 6 lies between 
5 and 50 and I - 6 x 10-lf cm, £/6 = 103 to 101*, according to Fromhold, 
this requires an increase in the density of charged trapped by this factor 
; to give a certain value of K .  Furthermore, in the rate equation:
_  . _ W ^ S y / t )
“d t ^ = A e X p —  K I - 5......   ......(1.25)
appeared in Fromhold's work , the space-charge term ^Trne^ y (t) is competing
e
with the large value 4> compared with the. much smaller value o fi <J> - V) given 
in UhligTs rate equation:
dy(t) ■ - e* + eV - — 2y(t)
—  = A exp ------- ^ ...........  ..... . (1.26)
so that a change in rate is relatively slower to manifest itself in 
equation (1.25). In other words, the t for equation (1.24) is found to 
be of the order of £/6exp eV/KT larger than the corresponding value in Uhlig1s 
derivation . For V - 3 - 4 eV, this factor is approximately exp+^^. Alterna­
tively, for a given r a much smaller metal-oxide work function <{> should be 
used in equations (1.24) and (1.25). The <f> must have a value of about
0.5 - 1 eV corresponding to the (<{> - V) in equation (1.26).
In his recent p a p e r F r o m h o l d  suggested that the electron 
affinity of oxygen in Uhlig1s derivation is ineffective for the thermal 
emission process. Fromhold believes that the.impotance of V in Uhlig's model 
stems from a confusion between the concept of activation energy for electron 
transport and the net free energy change for the oxidation reaction. In 
Fromhold's mind the term e(<{> - V) is the free energy change and not the 
activiation energy as Uhlig suggests. Hence, this confusion results in 
a predicted lowering of the effective activation barrier and, therefore, 
an increase in the calculated electron flux through the oxide by a factor 
of approximately exp^^.
. . (40) . . . .
According to I.M. Ritchie the logarithmic kinetics can be the
result of a slow electron transfer to a singly charged oxygen ion adsorbed 
on the oxide surface. The theory assumes that the second ionization of 
the singly charged oxygen species adsorbed at the oxygen/oxide interface 
is the rate determining step, as an example, considering the reaction:
It has been assumed that electrons in the oxide are distributed in the 
electric field across the oxide associated with the 0 ions adsorbed 
on the oxide surface according to the Boltzmann law:
[e] = [e] exp-A,rq2x[0 ]/eKT .......... (1.29)o
Where [e] is a constant fixed by the metal, q, K and T have their usual 
meanings, e is the dielectric constant of the oxide. It is clear that 
any dependence of the parameters in equations (1.28) or (1.29) on the 
orientation of the metal, will be manifested as a change in the rate of 
oxidation.
It is known that oxides tend to epitax on to the underlying metal.
Hence the orientation of the oxide surface depends on the metal. As a
result the parameters K*^a surface constant and [0 ], a surface concentration,
will change with the orientation of the metal surface, except for those
cases in which the oxide shows no preferred orientation, e.g. when amorphous.
The parameter [a]Q is related to the Fermi surface of the metal , and 
#
must also be prientation dependent. If a metal undergoes a phase change 
or a magnetic transformation such as is observed at the curie temperature, 
the Fermi surface will change and the quantity [e]Q with it.
The solution of equations (1.28) and (1.29) under certain conditions 
led Ritchie to the direct logarithmic law:
x = (at t 1)   (1.30)
Where K and a are constants which depend on the orientation of the metal 
3
surface. For cases where experimental results can be fitted to a two-
stage logarithmic law, according to Ritchie, the increase in oxidation 
rate for the second stage can occur, if two different portions of the oxide
are growing at different rates, and that the relative contributions from 
the two portions to the total rate of oxidation have changed with time.
As these are met with a heterogeneous surface, two or more stage 
logarithmic kinetics are very likely to be found irrespective of the details 
of the reaction mechanism.
As a simple example, a foil surface with only two different crystal 
faces, each of which oxidizes according to the direct logarithmic law was 
considered. Different crystal faces oxidize at different speeds, then the 
average thickness (x) is given by:
x = 0 K^log (at + 1) + (1 - e)K’ log (aTt + 1) .........  (1.31)
Where 0 is the fraction of the surface which is composed of one crystal 
face, and K f and a* are the rate constants characteristic of the other 
crystal face. When t is sufficiently large and at, aft > 1, then:
x = 0 K log at + (1 - 6 )K' log a't =
3
0 K log a + (1 - 0)K' log a 1 + 0 K + ( 1  - 0)k' log t ....... (1.32)
3 ' 3
Which is logarithmic. When t is small, but not so small that at, aft < 1  
equation (1.31) will reduce to a logarithmic curve of different slope 
and intercept to (1.32) > if one of the terms in equation (1.31), 
say ( 1  - G)K*e log aft, is unimportant during the early stages of reaction.
The condition for neglecting this term is a Tt < 1 < at. Granted this, the 
growth law will then be:
x ~ 0K log at ~ 0K a + 0K log t 
3 3 3
(1.33)
In the range 1/a < t < 1/a1, a two-stage logarithmic kinetic will be 
obtained. However, if the values of a and a1 are comparable, the reaction 
rate will conform to an approximately single stage law.
However it is difficult to see on this argument why oxidation of 
polyciystalline foils does not give cases in which the initial logarithmic
rate is faster than the subsequent stage, also it does not explain why a
. . .  . (23)two-stage logarithmic kinetics occurs even m  oxidation of single crystals
1.6 Oxidation of Alloys
The purpose of studying oxidation behaviour of alloys is to 
improve the oxidation resistance of metals with the specific goal of 
obtaining compact films having low rates of diffusion for the reacting 
species.
As the literature.: on high temperature oxidation of alloys shows,
the effect of the alloying element on the oxidation behaviour depends on
its solubility in the oxide of the parent metal, and the amount of added
(46-48)element. The relationships have been described by Wagner in terms
of his parabolic kinetics for the high temperature oxidation of metals.
When the oxide of the alloying element appears as a separate phase, the
change in oxidation behaviour may be drastic; for instance, the parabolic 
oxidation law may give place to a logarithmic law which is desirable from 
an engineering point of view. Such behaviour has been seen in the 
oxidation of iron-aluminium and iron-chromium alloys .
While the oxidation behaviour of alloys at high temperature has been 
well described in terms of the parabolic mechanisms applicable to the 
pure metals at such temperature ranges, the protective, i.e. logarithmic, 
oxidation behaviour of alloys is less understood,as yet no attempts have 
been made to correlate the protective behaviour of the oxide at low 
temperature to the existing theories on low temperature oxidation of metals.
Such an attempt has been made as a part of the present work, and the 
results obtained will be described in Chapter IV.
1.7 The Scope of the Present Thesis
Oxidative attack upon metals usually takes place under the most 
varied conditions i.e. from the mild oxidizing conditions which exist in 
air at room temperature, to the severe conditions present during reactions 
of hot furnace gases on metallic structural elements. From a practical 
point of view it is desirable to use materials on which oxidation will 
stifle itself before there is a serious loss of thickness. This may generally 
happen, even at fairly elevated temperatures after the oxide scale becomes 
sufficiently thick. Unfortunately a thick scale is more liable to damage 
than a thin film and indeed where the coefficient of expansion of oxide and 
metal differ, detachment is liable to occur spontaneously on cooling if 
the film has come to exceed a certain critical thickness.
The survey of the existent theories of oxidation given in the above 
sections shows that whereas there is a considerable consensus of opinion 
on the nature of the high temperature oxidation of metals, none yet exists 
on the models for the low temperature oxidation. Much of the evidence 
for the differing models of logarithmic oxidation is derived from observation 
of the influence of naturally occurring variables;i.e. crystal orientation, 
oxygen electron affinity, etc. on the rate constants. There appears to 
have been no work in which a variable directly under the experimenter control 
has been used to influence the rate of oxidation, and hence test the 
protective oxidation theories.
Many of the models for thin film oxidation include the parameter 
*V’, the electrostatic potential across the film, i.e. it occurs in the Mott- 
Cabrera^^, thin film parabolic model, in the Uhlig^^ and Fromhold1 s^~^ log­
arithmic models and also in Ritchie1 s d e r i v a t i o n s a n d  this would be a
suitable parameter to vary. Possible experimental arrangements by which 
this might be done are discussed in the following Chapter.
The survey further showed that none of the models for thin film
growth referred specifically to alloy oxidation. It is most important 
that the response of alloys to changes in parameters known to affect the 
logarithmic oxidation of pure metals should be established since in 
practice pure metals are seldom used.
Thus this thesis has two principal objectives.
1. To develop and use a means for varying the potential, or electron
flux across a growing oxide film in the low temperature - thin film 
range of oxidation, and hence to comment on the likely mechanism
of oxidation; and
2. To utilise this* and other techniques to comment on the mechanism
of alloy oxidation in the same temperature and thickness ranges.
C H A P T E R  2
EXPERIMENTAL TECHNIQUES
2.1 Introduction
The first part of this work was carried out to investigate the 
protective oxidation of copper and nickel which have been shown to follow 
the logarithmic kinetics. The method of investigation was to follow the 
oxidation kinetics accompanied, where possible, by variation of the 
potential drop, or electric field, across the growing oxide. The response 
of the oxidation kinetics to this well-defined interference could lead to 
valuable information on oxidation mechanism and the rate controlling step 
of the reaction.
Kinetic studies can, in general, by followed by methods
such as volumetric means, oxide stripping techniques, resistance marker
measurements or gravimetric studies, with different degrees of restrictions
and errors in each case. For instance, the volumetric study is suitable
for oxidation in pure gases. Even in this situation the temperature difference
between the reaction chamber and pressure gauge makes the kinetics data
inaccurate. If weighing of stripped oxide films is used for determining
the rate of oxidation, there is always the possibility of having scattered weight
gains for different specimens due to specimen preparation and surface
pretreatment. More important is the fact that the oxide continues to
thicken during the stripping sequence, as well as the chemical attack to
the oxide film. The marker resistance measurements, which have been adopted
/OO)
as a means of obtaining kinetic data are not accurate in that the 
measured resistance does not represent the real oxide resistance since 
contributions due to interfacial porosities, cracks, and other discontinuities 
across the oxide layer will also be present.
Having the above problems in sight, and due to the importance of con­
tinuous weight recording, which directly monitors changes in oxidation kinetics, 
the oxidation kinetics were followed gravimetrically by an electromicrobalance.
The method by which the influence of an external electric current on the 
oxidation kinetics was used as a tool to deduce the rate controlling step 
of reaction is described below. The results of this study is described and 
discussed in Chapter III.
Copper-nickel alloys have frequently been used^^ as model 
systems in investigation on high temperature oxidation of alloys. They form 
a continuous series of solid solutions without any miscibility gap whilst 
the oxides appear to have no mutual solubility. They thus should also provide 
an ideal system for the study of protective oxide film formation on alloys 
at low temperatures. Little is known about the protective oxidation behaviour 
at low temperatures of these alloys, however, an interesting feature of the 
low temperature oxidation of cupro-nickel alloys, comes from the unique 
studies of Castle^”*^ and of Stevens^*^. This is the difference between
the structure of the low temperature formed oxide which is solely nickel
(54) . (53)
oxide , and the high temperature formed duplex structure . The trans­
ition from the room temperature to the high temperature structure has been 
shown to occur at 773°K after { hour oxidation^^ , and this itself may be 
related to the charge difference on diffusing Cu+ and Ni++ species.
X-ray photoelectron spectroscopy which is the most appropriate 
technique for determination of small continuous compositional changes during 
oxidation in the thin film range, was used to follow the mechanism of oxida­
tion and diffusion phenomena: at such low temperatures both with and without 
the presence of an applied electric field. The experimental method is 
described in this Chapter and results are described and discussed in Chapter IV.
Chapter V will describe the development of a triode valve as a new 
technique, for resistance measurements of a thin oxide film while it is in 
contact with the substrate metal, this technique could be useful in that it 
could possibly detect the interfacial porosity and other structural dis­
continuities across the growing oxide, as well as being of use in the 
collection of the kinetic data.
2.2 Kinetic Studies
2.2.1 Microbalance
The gravimetric studies throughout the work was carried out using 
a Beckmann LM-600 microbalance capable of either direct weighing, or of 
being used with its output linked to a recorder for following weight changes 
with time. The basic principle of operation is the electromagnetic balanc­
ing of an out of balance beam; the current required to restore equilibrium 
being proportional to the out of balance torque. The beam attached to a 
coil is suspended in a permanent magnetic field by means of a torsion 
ribbon; the schematic of the balance is shown in Figure (2.1).
The system is similar to a taught band galvanometer. A mirror, fixed 
on the beam, reflects light from a lamp to a pair of photo-cells connected 
in oposition. The phoJto-cell output is proportional in magnitude and 
direction to the beam out of balance position. This out of balance output 
is amplified and passed to the moving coil which tends to bring the beam 
back to level by means of a servo system. Since a finite photo-cell output 
is required to produce the required current, it is clear that a beam with 
an out of balance load cannot return exactly to the unloaded position.
In LM-600 the amplifier gain is high enough to make this difference in beam 
position insignificantly small. This is particularly important in view 
of the problem of making electrical connections to the specimen. The 
restoring current develops a potential difference across a pre-set 
resistor, the voltage is measured by a recorder or potentiometer coupled 
to a Duodial giving a direct measure of weight change.
2.2.1.1 The Characterisitics of the Balance
The balance has the general advantage of an automatic microbalance; 
this is important firstly from the point of view of the continuous auto­
matic recording which provides detailed information on the kinetic of
to
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oxidation and secondly for using in oxidation studies covering extended 
periods of time. Another advantage of this balance is the capability of 
being used in thin film oxidation because of its good sensitivity as well 
as in allowing total weight gain measurements of the order of 1 gram.
It was originally offered by the manufacturers as being bakable up to 423°K,
in practice after much time had been wasted replacing damaged photocells,
373°K was recognised as a practical limit. This bakability enabling to 
clean the balance at appropriate intervals.
2.2.1.2 The Calibration of the Balance
As the LM-600 was supplied with all ranges intercalibrated, it was 
only necessary to calibrate one range. This was the most sensitive range
i.e. 1 mg., which corresponds to a sensitivity of lyg, and this range was 
used in the majority of the experiments. To calibrate the 'weigh1 ranges, 
the zero setting was first checked, the load pan to be used was chosen, then 
the calibration was carried out in the following sequences.
(a) The calibration range was selected and the 'weigh* button was 
depressed.
(b) The weigh Duodial control was set to the exact value of the cal­
ibration weight by referring to the weight set calibration certificate.
(c) The calibration weight - 1 mg - was placed in the selected load pan,
— left hand pan -
(d) The meter was approximately nulled by means of calibration control 
outer ring and then precisely, using the fine calibration knob in 
the centre of calibration control, and finally the calibration weight 
was removed.
After this calibration, when the balance is used for direct weighing, the 
maximum Duodial reading (1000) will represent the maximum weight for the 
different weight ranges. For example if 1 mg range is used each fine
division on the Duodial is i mg/1000, while for the 500 mg range each 
division is equivalent to 500 yg. The balance was not used for direct 
weighing but was used with a recorder in order to follow the weight 
changes continuously during oxidation. When the recorder output is 
selected on the microbalance control panel, the recorder socket is 
energised. The recorder was also calibrated for the recommended 
recorder sensitivity and recorder output given in the balance manual, 
in this way f.s.d. of the recorder was achieved at only 10% of the maximum 
weight gain of the chosen range, for example with the Duodial range set 
for 1 mg maximunv the recorder registers a full deflection at 100 yg.
A further useful facility with the balance is the Suppress1 button, 
with this depressed, the recorder may bebojcked off by increasing the value 
of the fweigh! Duodial setting. Thus the total weight gain is that of 
the weigh Duodial plus that corresponding to the deflection of the 
recorder. The whole 1 mg range can thus be covered with a continuously 
recording and with a sensitivity of 1 yg. In order that the weight gain 
calibration should match the conditions of use, the balance calibration 
was carried out with a vacuum of better than 1.33 x 10”1* Nm~2, (10-*6 torr) 
in the balance case.
2.2.1.3 Modification in the Balance Case
The original balance case,Figure (2.2) was specified to maintain 
vacuums of the order of 1.33 * 10_if Nm“2 (10”"^ torr). However its per­
formance was disappointing and quite inferior to the rest of the vacuum 
system, in addition the balance case was supposed to be bakable to 423°K, 
but the first attempts for baking at this temperature resulted in the 
failure of photocells, and flattening of the "0" rings supplied with the 
balance at different sealing surfaces. These "0" rings were changed to a 
viton set, even with this set it was difficult to hold the pressures of
-  35 -
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Figure 2.2. The original balance case. 
Letters define the f0 T ring sealed surfaces.
about 6.65 x 101 Nm""2, (0.5 torr), required for oxidation tests for a few 
hours. This was originally suspected to be due to outgassing of coils and 
electronic components, but as the experience built up, it became clear that 
the poor performance was due to the leaks in the sealed surfaces, and 
originated from the roughly anodized n0n ring seatings. Hence the balance 
case was dismantled, and all joint surfaces were abraded up to 600 grit 
SiC paper, and then polished up to 0.25 ymdiarnond paper, after this mod­
ification the balance could hold pressures of the order of 6.65 x 101 Nm”2, 
(o.5 torr) for periods of greater than 24 hours. This enabled me to perform 
experiments at low pressures which is a requirement for using a hot 
filament in the reaction environment.
2.2.2 The Furnace
The furnace was designed to fit concentrically around the lower 
portion of the specimen hangdown. The heating element was wound from 
80/20 Nichrotik.v7ire at 5 turns per centimeter in the central band of a 
75 mm diameter silica tube. The choice of this unsually large diameter 
furnace tube was necessary to accommodate the specimen cell, filament and 
grid assembly, which will be described in section 2.2.6.2. The length 
covered by the heating element was 12.5 cm, with a total resistance of 
75 ohms, this provided a uniform working temperature with a gradient of 
± 2°K in a zone of about 5 cm in. length. The silica tube was mounted in 
a cubic box of 30 cm each side, the annuftir space between the element and 
the box walls was insulated by vermiculite and the heating element was 
also cemented in position to confine the heat transfer towards the centre 
of the furnace.
In order to avoid the electromagnetic interference between the 
furnace supply and the electron current in oxidation runs which were 
carried out in the presence of an external current, a thin cylinder of
y metal was fitted between the furnace tube and the oxidation cell, this 
was fixed and mounted with the furnace.
The furnace was raised into position on a platform running between 
two vertical guides and lifted by a pully system.
2.2.3 Temperature Control and Measurement
The temperature was controlled to ± 2°K in the hot zone by means 
of a Eurotherm P1D/SCR controller which was used in conjunction with a 
chrome1/Alumel thermocouple located over, and in contact with the furnace 
windings.
During the annealing and oxidation treatments, the specimen temp­
erature was measured by means of another chrome1/alumel thermocouple and 
a potentiometer. Since the measuring thermocouple was in a holder 1 cm 
from the specimen position, it was pre-calibrated against a reference 
thermocouple placed inside the specimen chamber in a position equivalent 
to that occupied by the specimen. In the temperature range used in this 
work the temperature difference between the two was 10 to 12°K.
2.2.4 The Measurement of Pressure t-
Ultimate vacua within the oxidation apparatus were measured by
means of a Vacuum Generators Ionization Gauge Head mounted directly into 
the vacuum line and used in conjunction with a V.G. Ionization Gauge 
controller.
The oxygen pressure during oxidation was measured by means of a 
closed silicon 705 liquid manometer. The choice of this liquid gave 
adequate sensitivity and minimised vapour transfer to the specimen 
chamber which may occur with less stable liquids.
2.2.5 The Vacuum System
The diagram in Figure (2.3) shows the vacuum system and balance 
assembly, consisted of three parts: one part constructed from pyrex tubing 
and shown enclosed by boundary A;- and a second part, shown inside the 
boundary B, which consisted of a stainless steel assembly. This latter 
part comprised a V.G. Ionization Gauge head for measuring pressures down 
to 1.33 x 10“ .^ Nm”2, (10-*1 torr), the air inlet, the gas supply manifold 
with a micrometer inlet (V.G. MD6 leak valve). The Micromass spectrometer 
head for leak detection and purity control, together with valves necessary 
for separating the reaction cell from the pumping system and controlling 
the gas flow. The last part shown in the ng^t hand side of the diagram 
is the balance case and specimen chamber. Photographs of the different 
parts of equipment are given in Figures (2.4 and 2.5).
The vacuum line including the balance case was evacuated to a 
pressure of 1.33 x 10 5 Nm”*2(10*"7 torr) using a three stage diffusion 
pump operating with silicon liquid 705, which was in series with an
oil rotary pump to give a backing vacuum. A liquid nitrogen trap was 
inserted between the rotary pump and the main vacuum line in order to 
facilitate the rough pumping and also to prevent the oil vapour diffusing to 
the balance case, when it is directly connected to the rough pumping line 
during the initial stage of evacuation.
In order to absorb moisture and possible existing organic vapours 
in the system,a column of molecular sieve was used at the top of the 
diffusion pump, the whole A and B enclosures were baked at 523°K at 
appropriate time intervals in order to maintain the cleanness of the 
vacuum line.
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2.2.6 The Effect of External Electric Current on Oxidation Behaviour
Of Metals
2.2.6.1 Theoretical Consideration
The Wagner oxidation theory assumes that charged imperfections 
migrate through the oxide. Due to the difference in mobility of electronic 
and ionic imperfections, a diffusion potential is set up across the oxide 
and a stationary state is reached where no net current flows through the 
scale. If metallic contacts are connected to the scale at the metal/oxide 
and oxide/oxygen interfaces and a current is passed through the oxide 
scale, the migration of imperfections may be influenced. Depending on 
the magnitude and polarity of the external applied potential compared 
with the diffusion potential, the reaction may be enhanced, retarded, and 
even reversed.
In order to derive expressions showing the effect of external
/c<:\
electric currents on the oxidation rate, the KrUger’s treatment of 
the problem is followed in this section.
Under normal oxidation conditions, i.e. no net current passing 
through the oxide, and for a scale consisting of X^ the sum of the 
particle currents is:
(Je)Q + r (Jxr-)o - m (JrfB+)0 “ 0   (2.1)
The subscript zero here and further on in this section indicates
the situation when I . = 0; J , Jv and J., are electron, anion and cationext e; X M ’
currents respectively, mand r are the valances of cation and anions respectively.
If metallic probes are connected to the interfaces, any current 
passed through the external circuit I xt is equal to the net current 
through the scale; thus:
Where the currents are in units of electron charge (e) . Expressions which 
relate I xt 'to' the chemical and diffusion potentials are obtained by sub­
stitution of expressions relating the particle currents and these potentials 
in equation (2.1) and (2.2). Assuming that the applied current does not 
change the distribution of the defects, subtraction of equations (2.1) and 
(2.2) gives for the potential gradient:
d<f> [dip
dx (dx 
v 'o
Where a is the conductivity of oxide.
 .....  (2.3)
When expressing the total particle current in terms of molecules M&
dnformed per square centimeter per second, the oxidation rate is given 
by:
dt b a  * {
Using equations (2.3) and (2.4) and considering normal oxidation and 
conditions when a current is passed through the scale, and assuming that 
ma = rb, we obtain:
(£] - (&)„ - '-£■ <■« ♦ v  .......«•»
This last equation shows that the oxidation may be accelerated or 
retarded by passing a current through the oxide. It also shows that, 
if the oxide is a good electronic conductor i.e. (t^ + tx) is very small; 
large currents will be needed to influence the oxidation rate.
When metallic probes are connected to the interfaces of the oxide 
scale, the potential which is measured is the electronic potential (Eext) 
across the oxide. Under normal oxidation this potential is given by:
<Eext>o ■ (tM + V  E (2.6)
Where E is the voltage determined by the free energy change of the 
reaction (AG = rbE) . Integration of equation (2.3), substituting the
value of I-— (57) .m  equation (2.5), and combining the resulting equations
o
with (2.6) will result the rate of oxidation as:
, (tM + t„)adn M X
(E - E J     (2.7)dt rbe Ax ext
Where t^ and t^. are average values of the transport numbers, and Ax is
the thickness of the oxide scale. Depending on the polarity of E , the
reaction rate may be accelerated or retarded, and it will be zero when
E = E. ext
Another point of interest is to note that, when the scale is short- 
circuited by interconnecting the probes, which corresponds to Efixt = 0, 
the reaction rate can be written as: '
dn _ fdn 
dt ” dt
(1 - t )2 a E
+ ----r-2-j....     (2.8)rbe Ax
Which shows that short circuiting results in an enhancement in the 
oxidation rate.
Referring to the above theoretical consideration the kinetics of 
oxidation should change in response to.application of external electric 
currents to the oxidation system.
(36)In the Uhlig theory of two-stage logarithmic oxidation , the 
normal oxidation current, which is the electron current from the metal to 
the oxide across the metal/oxide interface has the form:
Where <f> is the metal work function, is the algebraic summation of 
oxygen electron affinity and space-charge contribution to the potential 
affecting the escape of an electron from the metal to the oxide, the 
latter term can be written as:
V = ......... (2.10)
space-charge e
(All parameters are previously defined).
It is clear that the space-charge has a negative contribution to 
the affecting potential. This is because of the assumption that the 
space-charge is made up by trapped electrons.
According to the above arguments, if the Uhlig model is applicable 
to the logarithmic oxidation behaviour, then it should be possible to affect 
the oxidation kinetics by, either applying an external potential across 
the growing oxide, which in turn will change the effective potential for 
electron transfer, or bringing the electrons to the reaction interface by 
a short circuiting method. In fact this time the electron ..current does 
not see any potential barrier in travlling to the oxide/gas interface.
Hence, an electron current larger than the normal oxidation current should 
increase -the rate of oxidation or change the oxidation kinetics depending 
on the magnitude of the impressed current.
The mechanistic study of this work was carried out in reference to
the above consideration, and by the technique proposed by A.T. Fromhold
(58)in 1963 . This technique which provides a source of short-circuiting
electrons to the oxide gas interface will be described in the next section.
Previous workers^8,59>60^ave used the contact electrode technique 
mostly in investigation on high temperature oxidation of metals, this could 
be accompanied with disadvantages such as the following:
1. The introduction of metal-oxide junctions, not intrinsically parts
of the oxidation system, may offer some difficulties in the inter-
• • (61)pretation of experimental results using such a technique
2. The resistance of the oxide has been used as a means to follow
the kinetics of oxidation, this has limitations. For example, only
during the initial 30-40% of the film thickness is an estimate of
• • (oo)
the reaction rate likely to be reliable . At longer oxidation
times film structure may affect the resistance measurements thus
yielding a fictitious law.
3. If the previous existing kinetic data are used to calculate the
magnitude of applied field^^, there is always the chance of 
getting the wrong magnitude for the field which is necessary to 
affect the oxidation kinetics. Furthermore as the kinetics of 
oxidation cannot be followed directly, the effect may be detected, 
but it is difficult to say that the effect changes the rate of 
oxidation, or the oxidation kinetic, which may be quite helpful to 
know, for elucidation of the rate controlling step.
2.2.6.2 The Device for Applying External Electric Currents
In order to deduce the effect of external electric currents on the 
oxidation kinetics, as discussed in section2.2.6.1 the assembly proposed
(co) ,
by A.T. Fromhold , was built around the specimen. This took the form
of a triode valve with the oxidising sample being the plate, this assembly is 
shown in Figures 2.6/2.7JLn its usual working condition a positive voltage 
is applied to the plate, and a filament emission current, greater than the 
normal oxidation current is allowed to flow through the oxide and the effect 
of this current on the oxidation kinetic is examined. The function of the 
grid is to control the magnitude of this plate current, and also to shield 
the plate from ions produced at the cathode.
Filaments
to microbalance and vacuum line 
A
Grid
Figure 2.6. Triode assembly for applying external electric current 
to the oxide/gas interface.
To microbalance and vacuum line
Grid
■nmr mo couple sheath
Fi laments-
figure 2.7. As Figure 2.6. Letter A defines the anode position
2.2.6 .2a. Electrical Connection to the Specimen
In the first instance the external electric potential was applied 
to the sample through a metal to glass sealed joint, which was electrically 
connected to a fine watch hair spring mounted horizontally inside the 
specimen cell. The specimen hangdown passed through the central hole 
of this spring and was also electrically sealed to the hair spring by 
means of a drop of silver dag, Figure 2.8 shows the schematic of these 
connections.
The function of the hair spring was to provide a frictionless 
connection to the specimen hangdown; in other words the flexibility of 
the hair spring meant, that the compensating torque when it was displaced 
from its mean position in a horizontal plane was very small. The final 
fixing of the hair spring to hangdown was made with the beam held by the 
balance restoring force in its null-point position. Thus since the beam 
is restored to this position during the measurement of weight changes, the 
effect on the hair spring on the calibration should be negligible; this 
proved to be the case, and it is shown in Table 2.1
T A B L E 2.1
Weight Dial Reading(yg) Oertling Balance Reading (yg)
314 311
271 281
194 197
155 150
60 63
To External _
Voltage 
Supply
Specimen Hangdown
To Vacuum
a A ’
$
Hair Spring - Sealed to Hangdown 
with Soft Solder before making 
Joint A A*
Figure 2.8
Schematic representation of the electricl contact to the specimen 
hangdown
2.2.6.2b The Filament and Grid Assembly
The impressed electron current to the oxide/gas interface must be 
larger than the normal oxidation current, to demonstrate any possible 
effect on the oxidation kinetics. In order to supply this amount of 
electrons at the chosen oxidation condition which is oxygen at 6.65 x 101 
Nm”2 (0.5 torr) pressure, the filament material must be a fairly good 
emitter at temperatures which do not increase the oxidation temperature 
by more than a small measureable amount, and must have a reasonable life­
time in oxygen. A 0.005" dia. Iridium wire coated with Th02 supplied 
by B.O. Electron Technology Inc. with the dimensions shown in Figure (2.9) 
proved to be suitable. The potential difference between the cathode and 
anode should be less than .the ionization potential of oxygen, and the 
spacing between various elements of the valve should be such, to allow 
enough electrons to reach to the specimen surface before suffering 
collision at these potentials. A filament/grid separation of 1 cm and a 
specimen/filament separation of 2.5 cm was chosen after the above filament 
selection.
The filament and grid were housed respectively from the bottom and 
the side of the specimen cell as it is shown in Figures 2.6/2.7 electrical 
connections were made through metal to glass seals, and a series of 4 
filaments were fixed in a common holder, this helped avoiding the frequent 
change of filament which needs extra glasswork.
The first series of results were obtained with the above described
construction, and for oxidation of copper between 473 and 523°K. These
showed weight gains with 2 orders of magnitudes higher than the existing 
( 36)data in this temperature range. These were incorrect since check 
weighing in an oertling analytical balance showed the true weight gain 
to be much smaller. Figure 2.10 shows a typical weight gain vs. time curve.
©
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Figure 2.9
The Iridium Filament used as the electron emitter
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Figure 2.10
Oxidation of copper in 0'2, 0.5 torr with the hair spring connection
The large spurious weight gain during operation of the modified 
balance appeared as a big buoyancy correction. For example the weight 
gain OA in Figures (2.10 & 2.11), can be accounted for almost entirely by a 
shift in the equilibrium position of the balance. Such large buoyancy 
changes were not found in operation of the balance before addition of the 
electrical contact to the hangdown, and is in contrast to the lack of 
friction in the connection between the spring and the specimen hangdown 
illustrated by the lack of change in the calibration of the balance. It 
was thought that the buoyancy effect was due to a change in the dynamic 
condition of the system as a result of introduction of a pivot position about 
the hair spring which did not coincide with the centre of the balance beam. 
Nevertheless as Figue (2.11) shows, the act of switching on the filament 
in the course of oxidation did give.an increased oxidation rate which, because 
of suspicion centred on the balance itself, could not be confirmed.
This uncertainty in use required consideration of an alteration in 
the means of applying the external electrical potential. The new design con­
sisted of the use of a fine o".001 dia., copper wire, electrically connected 
to the centre of the balance arm; at the other end it was soldered to one of 
the free pins of the socket used for connection between the balance case 
and the balance electronic unit. In this case the mechanical connection to 
the hangdown coincided with the balance pivot, and the electrical connection 
was taken from the arm to the hangdown by a further copper wire loop 
to the line of action of the hangdown pivot.
The behaviour of the balance after this change showed that the 
factor which was responsible for the observed spurious, weight gain was 
the introduction of an extra pivot. This time the weight-gains had the 
order of magnitudes which is expected for oxidation of copper in this 
temperature range. After the calibration of the balance was checked, 
preliminary runs were carried out in desired experimental conditions.
A typical weight-gain vs. time curve obtained on oxidation of copper at
523°K and 6.65 x 10* Nnf2(0.5 torr) oxygen is shown in Figure (2.12), the
weight gain shown here is in good accord with that obtained by Uhlig ;
the apparent oxidation lag time is due to the buoyancy effect. This
buoyancy correction is explained in the next section and it was considered 
in weight gain measurements throughout the work.
2.2.7 The Buoyancy Effect , ^
In admitting the gas to the hot reaction chamber, a buoyancy force 
comes to exist- nee, whose value depends on the furnace temperature and
pressure of the admitted* gas. In order to obtain the correct weight
gain values, the effect of this buoyancy on the weight reading must be 
determined. For this purpose the deflection of the zero position was 
determined as a function of pressure at 298°, 523° and 673°K.
Figure (2.13) shows the buoyancy change-pressure curves at 523° and 
673°K compared to corresponding buoyancies at 298°K as zero deflections.
As it is expected no buoyancy force exists in heating the specimen at 
1.33 x 10"1* Nm”2 (10“6 torr); at higher pressures the effect appears, and 
reaches to its absolute maximum value at 1.33 x 10* N/m2, which amounts 
to 102 and 160 yg/cm respectively at 523° and 673°K. The occurrence
of the maximum buoyancy effect at 13.3 Nm-2 (0.1 torr) is due to the fact
• . (69)that thermomolecular flow is strongest at this pressure . The magnitude
of the buoyancy effect is equivalent to a x^eight loss of 65 yg/cm2 at 0.5 
torr and 523°K and to 10 yg/cm2 at 5 torr and 523°K, at 723°K the correspond­
ing values are 90 g/cm and 25 yg/cm2 respectively. In practice this 
effect appeared as a zero shift in admi'ttin^ the gas to the hot specimen 
cell, if this was a sudden shift it could be cancelled out at the 
start of each experiment, but the gas does not heat up quickly and 
as a result by the time that the buoyancy force reaches its
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value corresponding to the temperature, it acts in the opposite direction of
weight increase, the manifestation of this was an apparent weight loss 
for the first few minutes of the run, and particularly in oxidation of 
nickel, the effect could compete with the weight increase for a longer 
time. The correction was obtained by subtracting the sudden zero shift 
in gas admission to the system, from its corresponding values at furnace 
temperature for an inert sample, i.e. platinum.
. \
2.2.8 Description of a Typical Run
Samples were kept in bottles of nitrogen, prior to their transfer 
to the oxidation cell. The loading which consisted of hanging the sample 
from the specimen hangdown was achieved through the n0n ring screw 
arrangement constructed at the bottom of the cell, Figure 2.14; this part 
was introduced instead of the glass part shown in Figure 2.6 to avoid 
breaking the glass for changing the samples this with adjustment of 
the counter balance weight which was sometimes necessary, took between 3 
and 5 minutes.
When loading was completed, the balance case was firstly evacuated 
roughly by the direct line from the rear side of the balance to the rotary 
pump, then the balance case was connected to the main pump. This procedure was
followed to avoid rapid deactivation of the molecular sieve, evacuation 
in this way took about 10 minutes to get a vacuum of 1.33 * 10“  ^Nm""2 
(10“6 torr). The weight loss due to outgassing in this condition and 
for 1 hour was about 10 yg for copper and nickel samples of 1 x 1.5 cm.
The furnace was then brought into position, and outgassing was continued 
for another 1.5 hours at reaction temperature, the weight loss during this 
period was between 5 and 15 yg depending on temperature of oxidation and 
materials used.
^  58 •*
Furnace Tube
Figure 2.14. The lower part of the specimen chamber (Triode valve), 
showing f!0'! ring screw arrangementfor changing the specimens
In order to start the oxidation run, the vacuum line was disconnected 
from the pumping system at the top of the molecular sieve column, and oxygen 
was smoothly admitted to the desired pressure using the micrometer dial on 
the MD6 leak valve Figure 2.3 this took about 2 minutes, and this time was 
taken as the zero time for recording the weight gains in the chart recorder.
At the end of the run, the balance case was evacuated, this was 
done as a check, to compare the actual weight gain which can be measured 
by the displacement of the weight dial, and the weight gain measured by 
the recorder, this test showed good agreements between the two measurements, 
a few runs were carried out in which the samples were weighed before and 
after oxidation on an Oertlingbalance sensitive to 10“6 gras. The weight 
changes according to this check were also in confirmation of the micro­
balance measured values; some typical values are tabulated in Table 2.2.
T A B L E  2.2
Oertling Balance Reading(yg)[ Weight Dial Reading(vg)
180 176
115 119
287 289
230 233
169 165
Oxidation of copper, nickel and cupronickel alloys were carried 
out in the above manner, for obtaining the kinetic.data, and also in the 
presence of external electric currents as a means of investigation of the 
oxidation mechanism. These results will be described in Chapters III and IV.
2.2.9 Materials Used
Copper, nickel and cupronickel alloys were supplied as sheets 
of 0.5 mm thickness by International Nickel. The elemental impurities 
present for each material is shown in Table 2.3.
T A B L E  2 . 3
Nominal
Composition C Cr Cu A1 Si Mn Pb Fe Ni
Pure Cu 0.006 <0.01 Bal N.D. <0.01 <0.01 <0.002 <0.02 C.01
Pure Ni 0.016 <0.01 <0.1 0.02 <0.01 <0.01 <0.002 0.04 Bal
60/40 Cu/Ni 0.008 <0.01 Bal 0.01 <0.01 <0.01 <.008 <0.02 40.90
N.D. - not determined 
C. - approximately.
2.3 XPS Technique
2.3.1 ' Basics of the Technique
C
The technique of X-ray photoelectron spectroscopy jls based 
on the photoelectric effect, the sample to be examined is irradiated
with a monochromatic X-ray beam, and the ejected photoelectrons are
analysed, by an electron spectrometer, giving a spectrum in which peaks 
identify the binding energies of corresponding photoelectrons. The 
depth of the electron levels involved in the process of photoelectron 
ejection depends in general, on the energy of X-ray beam, as well as the 
sample material. Figure (2.15a) illustrates the energy transfer process 
giving rise to electron ejection from the shell of copper, when the
X-ray beam is radiation, which has a photon energy of 1486.6 ev.
As the figure shows the interaction between the X-ray beam, and 
the bound electron causes the electron to become free. The kinetic energy 
of the ejected electron can be defined in reference to the incident 
radiation energy, and any lack of definition of its energy results from 
the energy variation in the incident X-ray as well as the natural width 
of the electron corresponding shell.
The subsequent process after this vacancy creaction by the ejected 
photoelectron is de-excitation by either the "Auger" process or X-ray 
emissions. In the Auger process as illustrated in Figure (2.15b) the vacancy 
left behind the photoelectron is filled by an electron from an outer shell 
(the My shell in the figure) and the energy released is transferred to 
another electron in the shell, which is ejected as the so-called Auger 
electron. It is clearly shown that the kinetic energy of this Auger electron 
is independent of the primary radiation and depends only on the difference 
between the energy levels of the electron states involved (L-j-^-j- and M^) .
The spectra recorded by the XPS method contains the Auger as well as the 
photoelectron lines.
Photoelectron
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(b) Auger emission
Figure 2.15
2*3.2 ESCA as a Surface Technique
The very short attenuation lengths associated with inelastic 
scattering during photoelectron emission from solids, makes the XPS a 
surface sensitive technique . This attenuation depth (Z) found to be 
highly dependent on photoelectron kinetic e n e r g y , it also depends on 
the material used, but for metals values of only a few R are expected 
around the 100 to 1000 eV range.
The method used to determine Z, has usually been to lay down a
condensate on a substrate and to follow the decrease in intensity of
substrate signal and the increase in condensate signal .
Following the papers of M.P. Seah^*^ and C.J. Todd^^, one can 
consider the absorption or scattering of electrons to obey the Beer- 
Lambert law, this signal strengths may be expressed as:
 x
Z sin9
Ix /Iu - 1 - exp    (2.11)
a
 x
 , _ s, s z sinGand I /I = exp .......... (2.12)x o
Where the subscripts c and s refer to condensate and substrate, and the 
subscripts o, x and «° refer to no condensate, an x-monolayer condensate, 
and an infinite thickness condensate, respectively. 6 is the angle of 
emission with respect to the plane of the surface, and the significance 
of 0 is to introduce an average depth of emission equal to 
Z sin0.
The basis of using XPS as an- analytical surface technique rests 
on two measurements; line position and line intensity. The position relates 
to the chemical state of the surface, and provides qualitative information, 
while the intensity is a reflection of the concentration and contribution 
of these states, serving as a means for quantitative measurments. These 
aspects will be discussed in the following sections.
2.3.3 Qualitative Analysis
2.3.3.1 Electron Binding Energies
The position of recorded spectral lines, and comparison between 
chemical states is expressed in terms of electron binding or kinetic 
energies; these values are in turn measured in reference to the energy of 
the exciting X-ray. An equation which defines the relation between various 
energy terms involved, can be derived by application of the law of con­
servation of energy to the photoelectron process, and lead to the equation:
E. . = E - E, - E   (2.13)k m  x-ray b r
Where = photoelectron kinetic energy
E^ = electron binding energy 
Ex-ray = enerSy t*ie incident X-ray beam 
and Er = recoil energy.
The term E^ can be shown to be negligibly small. The energy of the 
X-ray beam is also known for a given source material i.e. for aluminium,
= 1486.6 eV, hence if the kinetic energy of the photoelectron can be 
measured, the binding energy can subsequently be calculated.
The detector and the specimen are in electric contact, thus a 
difference in work function between the specimen and the detector will cause 
a contact potential difference between the two. Choosing the Fermi level 
as a reference level for electron binding energies, equation (3.1) modifies 
to:
E, = E - E. . - <b    (2.14)b x-ray k m  Ysp
Where d> = work function of the detector material, sp
As the term <|> does not depend on the specimen material, the same 
work function correction can be applied to all measurements.
2.3 .3 *2 Chemical shifts in electron spectra
The binding energy of an electron in a particular shell does 
not only depend on the parent atom, but on the chemical environment 
of the atom, in other words the change in the valence state of an 
atom, when it is a constituent of a molecule will cause a shift in the 
peak position of the element which depends on the bonding state 
of the atom.
Although the correlation betx^een the binding energy and the 
oxidation state is extremely complex, the effect of bonding on the
(63)binding energy can be interpreted in terms of a simple classical model 
which will be discussed here.
The model supposes that, the electron cloud around the atom is 
distributed in spherical orbitals, with the valence electrons occupying 
the outermost shell which defines a sphere °f radius r. The electrical 
potential inside the valance shell depends on the electron population 
in the valance shell. If for instance q electron charge of the valance 
shell are displaced to an infinite distance, the potential energy of an 
electron inside the defined sphere will reduce by an amount of AE = 
thus giving rise in the same amount of increase in the binding energy of 
each inner electron. In reality, when two atoms, are chemically bonded, 
electrons are not transfered to or from infinity, but to some distance 
roughly equal to the nearest neighbour separation (R). Hence the change 
in the potential energy of each electron becomes
(2.15)
Thus on the basis of this simple model a linear relationship exists 
between the magnitude of the displaced charge and the chemical shift of
the core electrons. Siegbahn and his co-workers demonstrated this to be
• ( f t O  .the case for a large number of chemical compounds J . However it has
subsequently been found that the lower valance states of the elements
following a transition series may have negligible shifts. For example
cuprous oxide is indistinguishable from copper by means of the photoelectron 
( 6 7 ^
peaks , additional information is useful in interpreting the spectra 
of ^u^O, and NiO; all of which were important to the present work.
The basis of the extra information is given in the next sections.
2.3.3.3 Satellite lines
In addition to photoelectron and Auger lines observed in the 
recorded spectra, extra peaks appear which are in fact displaced photo­
electron peaks, not because of the different oxidation state of the 
same element, but due to other processes described as ^
(a) 'Shake-up1 process.
When the emission of a photoelectron is accompanied by the excitation 
of another electron from the valance band to an unoccupied state in the 
conduction band; an excited atom with two inner shell holes will be 
generated. This excitation process causes the appearance of photoelectron 
peaks on the low kinetic energy side of the main peak with an energy 
shift equal to the energy .transfer to the excited ele c t r o n ^ ^ * T h e  shake-up 
satellite is useful in recognition of both CuO and NiO.
(b) Multiplet s p l i t t i n g ^ ^ >70) ^
If the spin quantum number is non-zero (unpaired outer electrons), 
the binding energy will be different for spin-up and spin-down inner 
electrons, this gives rises to a photoelectron peak again on the lower 
kinetic energy side of the main peak.
(c) Energy spread of the incident X-ray beam.
As the bombarding X-radiation is not usually monochromatic, the
4  line of the beam will result in a peak, which will be located in
the higher kinetic energy side of the main peak which corresponds to the
K -n radiation. al2
2*3.3.4 Auger Position
C 6 7 ) ♦Cases are known , in which the photoelectron spectra of the 
oxides cannot be distinguished from those of their metals, whilst the 
Auger lines show measureable shift in changing from metallic to the 
corresponding oxidation state. In such cases the Auger spectra can be 
used to deduce the oxidation state of elements present on the surface, 
one example of such a case, which is of particular interest in this work was 
the shift in the LMM Auger line for copper when it oxidizes to Ci^O, and 
this characteristic is used in section (4.2,2.1b) to follow the continuous
vacuum reduction of Cu^O to Cu. As far as the nature of the above mentioned
• • • . ( 7 1 !shifts are concerned, explanations have been given by Wagner and Biloen ,
and by Castle^7  ^.
2.3.4 Quantitative Elemental Analysis
Although the characteristic peaks of elements present in a sample 
provide a means for qualitative analysis; XPS technique can also be used to 
study the specimen surface in quantitative terms. The intensities of the 
peaks can be used to give an estimate of the elemental percentage of the 
sample, provided certain corrections are taken into consideration. For 
instance the peak intensity of each element depends: firstly on its photo­
electron emissivity; and in general, elements with high atomic numbers
will exhibit the more intense peaks than those of low Z , and secondly
<73>on the kinetic energy of the emerging electrons from the sample. The fraction
of electrons which are emitted from the surface without energy loss increases 
with kinetic energy. This latter contribution has the reverse effect from 
the first i.e. elements of low atomic number are favoured.
The above mentioned effects result in a certain ’’Instrumental 
Sensitivity” to different elements. The sensitivities compared to the 
fluorine Is peak as the standard of unity have been experimentally determined 
by Wagner^7^  and later extended by Jorgensen^73^# for the Varian IEE 
spectrometer which has a similar geometry to that used in this work. If the 
peak heights of the photoelectron spectrum are divided by these factors* a 
fluorine equivalent will be resulted for each peak. According to Jorgensen 
this method is only a semi-quantitative technique with a precision within 
20-30%; but it is still useful as it gives equal weighting to all elements 
irrespective of the peak heights. By dividing peak heights in fluorine 
equivalents by the total fluorine equivalent for the whole spectrum, the 
atomic fraction of various elements in the surface will be obtained.
Although the accuracy of the technique is limited, it is of great practical 
advantage in the sense that we are able to determine the atomic percentage 
of different elements present in the surface as well as deducing the small 
change in these elemental concentrations which happens as a result of pref- 
erencial displacement during treatments such as oxidation and annealing 
processes.
2.3.5 Limitations on Resolution
The main factors contributing to the line width of recorded spectras 
are the following:
(a) The natural width of the incident X-ray, the narrowest 
conveniently obtainable is magnesium with a spread of 0.8 eV, but 
aluminium is frequently used, due to its greater energy and only very 
slightly larger line width.
(b) The energy band of the electron level subjected to study; 
this can range from 0.1 eV to several eV.
(c) The broadening caused by the spectrometer which is of the 
order of a few tenths of an eV.
2.3.6 Experimental Problems
Apart from fundamental advanatages of the XPS technique, there are 
some minor difficulties which arise as a result of its small penetration 
depth, these are of two types. In the first place surface contamination, due 
to adsorbed oil from the pumping system, or unsatisfactory surface treat­
ment, may partially or completely obscure the specimen surface; and secondly, 
in X-ray bombardment of insulator and semiconductor materials the surface 
charging due to the photoelectric effect can displace the peaks by severals 
volts. Non-recognition of these can lead to inaccurate conclusions. The 
first mentioned problem can be overcome by operating under ultra-high vacuum 
and by surface cleaning techniques; and in the present work this was not a 
problem. In fact the carbon peak was so small that, it could not be used as 
a standard for the calibration of line position as is common practice in XPS 
work. However the difference in position between the Auger and the principal 
photoelectron line (2^^^ independent of any c h a r g i n g w h i c h  might occur,
and this was used for the identification of the chemical state of copper.
NiO was readily recognised by the satellite line^7,^ \
2.3.7 Technical Description of XPS
2.3.7.1 The Spectrometer Design
The spectrometer used in the course of the present work was a vacuum 
generators ESCA instrument. Schematically represented in Figure (2.16). As 
it is shown the instrument was equipped with a specimen preparation chamber, 
an argon ion source and a temperature controlled specimen holder, all of 
the first necessity for carrying out the present study.
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Electrons emitted from a heated tungsten filament are accelerated 
under a 12 KV potential applied to the aluminium anode and towards it.
On striking the anode, monochromatic X-rays with an energy of 1486.6 eV are 
emitted, this beam passes through an aluminium window which has the purpose 
of preventing electron transfer to the specimen chamber. An ion pump maintained 
a vacuum of 1.33 x 10*"7Nm2(10“9 torr) in the X-ray source chamber.
2.3.7.2 Analysing Chamber
When the prepared.sample is ready for analysis it can be passed to the 
analysing chamber through the Gate valve Figure (2.16) Here X-rays strike 
the specimen, normally at 45°, and photoelectrons are ejected. These 
electrons pass through a source-defining slit, at which point they are 
retarded by a potential set up by the analysing equipment. The function 
of the retarding potential is to allow electrons of specified energy to 
pass around the analysing hemisphere. They then become focussed on to an 
electron multiplier which produces a pulse for each electron reaching it.
The pulses are counted and recorded. The gradual reduction of the retarding 
voltage results in the ability of electrons with lower kinetic energy to 
be focussed on to the detector, by this way the energy spectrum of photo 
and Auger electrons can be recorded over an extended range of energy.
To demonstrate the role of gradual change of retarding potential in 
determining the electron spectrum in a desired binding energy range, 
suppose that the analyser allows electrons of 40 eV energy to be detected, 
electrons of higher and lower energies would not be able to travel the 
full length of the analyser hemisphere. Using aluminium (1486.6 eV 
kinetic energy), the energy of an emitted photoelectron will be the 
difference between this (1486.6 eV) and its corresponding binding energy.
This value must be reduced to 40 V to enable electrons of different energies 
to pass through the analyser. For example an electron of the hypothetical 
binding energy zero (free electron) will be emitted with an energy of
1486.6 eV, in order to reduce this value to 40 eV a retarding potential 
of 1446.5 eV is needed, if this voltage is now reduced in a steady fashion 
to say 1446.6-E^, electrons of binding energies between zero and E^ eV will 
be focussed on to the detector as a result; this voltage sweep is set on a 
linear ramp generator. The final spectra appeared as the amplified signal 
from electron multiplier on the y-axis of an x-y recorder, whose x-axis 
plots the kinetic or binding energy of emitted electrons. Supposing that 
the kintetic energy is plotted against the count rate, this energy which 
appears as the ramp voltage is related to the X-ray and electron binding 
energies by an equation such as:
Ek = 1486.6 — Eb —   (2.
By reference to calibration against a.knonwn peak position, AuN^^ the value 
of <f> for the present spectrometer is 3.3 eV.
2.3.7.3 Analysing Energies and‘Resolution
The analyser energy chosen was usually 40 volts in cases where, the 
oxidation state, rather than the concentration change of elements, used to 
be followed, on the other hand the 90 volts analyser energy was chosen for 
the purpose of following small concentration changes of the surface elements 
This selection was based on the fact that in the first instance the small 
allowed energy range, but a better resolution is appropriate for detection 
of oxidation states, while in the second place small changes in elemental 
concentration of each element can be followed more easily due to the 
fact that the larger number of electrons reaching the detector, leads 
to higher peak heights.
At the selected analyser energies (90 and 40 volts) the resolution 
of the gold i-s 1*66 eV and 1.26 eV respectively; these resolutions
correspond to count rates 33000/second and 10900/second.
2.3.7.4 Preparation Chamber
Samples to be investigated are introduced on a stainless steel 
holder to the spectrometer preparation chamber, which is equipped with a 
separate pumping system; a resistance cartridge heater fixed inside the 
holder is used to heat up the specimen, needle valves for introduction of 
various gases, pressure measuring gauges, and a filament arrangement for 
impressing electron currents were attached to the system by flanges which 
were vacuum sealed by copper gaskets.
The chamber was also equipped with an ion gun manufactured by Ion- 
Tech Ltd; using a potential of up to 5 kV, positive ions could be accelerated 
towards a cold cathode and emerge as a straight sided beam through a slit.
The ion source enabled us to Argon Ion clean the samples before any oxidation 
run. The depth profile of the specimen can be also followed by successive 
etching. Ion currents of 50 pA could be obtained in a pressure of 1.33 x 10*"1
- 1.33 x 10“2 Nm“2(10“3 - 10“  ^ torr) .
The whole system could be enclosed by insulating shields which enabled, th 
system to be baked at temperatures up to 473°K.
2.3.7.5 A Typical Run
Specimens were cut from required material, by a punch to the desired
shape to be fitted to the spectrometer specimen holder. The preparation
manner was the same as those used in gravimetric studies. The prepared 
specimen was put on the specimen holder, using tweezers to avoid fingerprint 
contaminations, 3 small stainless steel clips around the edge secured the 
position of the sample in the course of its repositioning to the analysing 
chamber. The holder was inserted to the preparation chamber, which was 
immediately pumped down to 1.33 x 10~I* Nm72(10“6 torr), this evacuation 
took between 10 to 20 minutes depending on the cleaness of the equipment.
The sample was then argon ion etched with a current density of 20 yAMP
and for 5 minutes, this etching ensures that the surface is contamination 
free before oxidation. After opening the gate valve between the preparation 
and analysing chambers, the specimen holder was driven into the analyser 
chamber by means of a screw drive. This was followed by turning the anode 
water cooling on, and energising the X-ray source to 12 kv at a filament 
current of 100 mA. The ramp generator was set to the right voltage, and 
the amplifier was switched on, this operation made the spectrometer ready to 
record.
After the spectra of the clean sample was recorded, it was withdrawn 
into the preparation chamber which was then disconnected from the analyser, 
the X-ray source was switched off before this operation. In order to carry 
out oxidation runs the sample was brought up to temperature by connections 
made from a Variac Transformer to the heating element which was housed in 
the specimen holder. Due to the fact that the reading of the measuring 
thermocouple was indicative of the temperature at the top of the holder and not 
the specimen surface^ *Ct was calibrated against another thermocouple which 
was welded to the specimen's upper surface. The dependence between reading 
of these thermocouples is shown in Figure (2.17). After reaching the 
desired temperature the preparation chamber was disconnected from the 
vacuum line, and the needle valve for oxygen admission was gently opened 
to get the desired pressure 5.32 Nm""2 (0.4 torr). When the run was due 
to complete, the heating source was switched off, and the chamber was 
pumped down again before introducing the specimen to the analysising 
chamber.
The above described manner was followed in those cases where the 
specimen needed to be oxidised for successive oxidation times and also 
for successive periods of vacuum annealing applied to oxidised samples 
of cupronickel alloy.
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Depending on the desired information from the analysis, the following 
spectras were normally recorded.
(1) 1000 V scan to find out the various elements present in the specimen
surface (from 1486.6 to 486.6 kinetic energy).
(2) 50 V scan to observe the copper 2p peaks (from 560.6 to 516.6
kinetic energy).
(3) 50 V scan to observe the nickel 2p peaks (from 641.6 to 591.6
kinetic energy).
(4) 20 V scan to observe the copper Auger (from 930 to 910 kinetic
energy).
The other parameters were as follows:- ■ ' ■
Analyser energy; 40 V or 90 V 
Sweep time; 300 or 1000 seconds 
Time constant for rate meter; 1 or 0.33 
Full scan deflection; 103, 1014 or 3 x 10** counts/second.
Typical recorded spectra are shown in Figures (2.18 and 2.19).
2*3.7.6 Analysis of Recorded Spectras
The spectra recorded by the X-Y recorder are plots of electron
kinetic or binding energy against peak height in counts/second. The
qualitative information about the elemental composition of the specimen, 
and the chemical state of each element, can be obtained from recorded 
spectra, by comparison to standard spectra , this type of information was 
obtained in oxidation of copper and cupronickel alloys, and the composition 
change during oxidation was followed. In addition to the qualitative 
analysis which serves as a method capable oj JbllolAtMj the continuous comp­
ositional changes during oxidation, the abundance, of various elements was 
obtained by reference to the principles described in section (2.3.4.)*
This quantitative analysis was used in oxidation»~reduction of cupronickel 
alloys.
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The procedure followed for percentage evaluation of elements 
present on the surface ' consisted of measuring the peak height (H) as
shown in Figure 2.20 and for various elements.
• • (72)Peak heights were then divided by the corresponding Jorgensen
factor, giving peak heights in fluorine equivalent. Following the above
procedure the percentage of each element was calculated from the formulas:
F.
Atomic percent of element i *= — ■ -1—  x 100   (2.17)
£ F.
• n i i*=l
Where, n is the total number of elements present in the sample, and 
F^ is the fluorine equivalent for element i.
Figure 2.20
C H A P T E R  3
OXIDATION OF COPPER AND NICKEL
3.1 Oxidation of Copper
3.1.1 Introduction
( 1 2  7 5 - 7 7 )
Several workers * . nave studied the oxidation characteristics
of copper in the temperature range 323-573°K. The situation in this range
is different from that of the thick film formed at high temperatures, as
the thermal excitation of the atoms and ions in the oxide is not sufficient
to activate the diffusion of ions under a gradient of chemical potential.
In this range, which corresponds to the formation of a thin protective film,
the process of oxidation is thought to be influenced by the electric field
and factors such as space charge effects in the growing oxide film, and the
semi-conducting nature of the oxide are important.
At room or low temperatures up to 323°K, oxidation is initially
extremely rapid, but after a few hours reduces to very low or negligible
values, when a stable film of 40-50X thick is formed. An explanation of
this behaviour has been given by Mott and Cabrera^-^, and was outlined in
the literature survey. '
For oxidation in the temperature range 323-573°K which in the course
of the present work will be called the thin film protective range, and
which corresponds to films up to 101* X thick, the relationship between
oxidation rate and the film thickness is not far from a logarithmic law.
(36)
Theoretical explanations of the process have been given by Uhlig and
Evans . a  cubic rate law has been also reported at the same temperature 
*
(78 79}range by different workers 9 .
The protective oxidation of many other metals follows the same rate 
law as the one observed for copper, but the fact that the existing theories 
explaining such kinetics are based on various assumptions has led to a great 
deal of confusion concerning the mechanism in any one case. The present 
study on oxidation of copper has been made to find out- the rate controlling
/•CON
step in the thin film range using the Fronihold method for influencing 
the oxidation mechanism as described in Chapter 2. Copper was chosen for 
the study as it offers a most promising system to study, there exists 
considerable information about its semi-conducting properties , and also 
many of the previous kinetics works in protective oxidation range have been 
carried out for this metal.
3.1.2 Experimental Details
3.1.2,1 Material Preparation
The sample were cut to the dimensions of 1 x 1.5 cm, with a hole 
near the central end for the purpose of suspension from the Microbalance 
hangdown. The surface preparation consisted of abrading on a polishing 
wheel up to 600 Grit Sic paper under a cold water stream, followed by 
polishing with 0.25 ym diamond paste. Some specimens were also electropolished 
— after the above treatment - in an electrolyte containing 350 ml of otho- 
phosphoric acid dissolved in 700 ml of distilled water.
Before oxidation, the samples were examined by the XPS Technique.
This showed that the electropolished specimens had phosphorous contamination 
at the surface, whilst the mechanical polished series were contamination 
free, Figure (3.1). Oxidation of the electropolished samples showTed a delay 
in oxide formation, and the results were not reproducible. Hence, oxidation 
runs throughout this work were carried out using mechanically polished 
samples.
The samples were kept in atmospheres of oxygen free Nitrogen before 
mounting in the Microbalance. Specimen loading took 4 minutes on average, 
after which the balance case was ..evacuated to 1.33 x lOT1* Nm“2, (10“  ^ torr).
The furnace was then placed in position and the sample was heated up to 
reaction temperature; a weight loss of about 25 yg resulted from the vacuum 
outgasing before the oxidation runs were due to start, as described in 
Chapter 2.
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3.1.2.2 Oxidation Pressures and Temperatures
The oxidation atmosphere was Grade X oxygen supplied by the British 
Oxygen Company in one litre pyrex bulbs fitted with break-off seals; and 
oxidation runs were carried out in the range 473-573°K and at pressures of 6.65 
xlO^ Nm-2 and 6.65 x 102 Nm”2 (0.5 and 5 torr) oxygen. All runs in which 
a heated filament was used were carried out at 0.5 torr. The zero time 
taken for the start of each run was 2 minutes after oxygen admission into 
the specimen chamber; runs usually lasted about 8 hours.
3.1.3 Kinetic Results
3.1.3.1 Runs in Absence of Heated Filament; i.e. No Applied Field
The original results were continuously recorded by the microbalance
recorder assembly, readings were transcribed from the chart to give curves
showing weight ;cjains against time. Figures (3.2 and 3.3) show the data as
curves of weight gain per unit -area (yg/cm2) vs. time (minutes) for the
above pressures and temperatures. These results have been corrected for the
buoyancy factors as described in Chapter 2.
As Figures (3.2 and 3.3) show, the oxidation rate decreases throughout
each run, and levels off to a negligibly small rate of increase at weight
gains of the order of 35 to 85 yg/cm2, or 20 to 55 yg/cm2, at the high and
low pressures respectively. The magnitude of the weight increases obtained
in the present work are of the same order as the results previously obtained 
C12 36)by other workers * . In order to be able to describe the results, the
• (fil)possible applicability of the Tamman Type equation, (the direct logarithmic
law) which has the form:
t
W = K log +1)    (3.1)
o
Where K and tQ are constants having the dimensions of weight gains per unit 
area, and time respectively,* has been examined.
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Figure 3.3. Oxidation of copper in 0^, 5 torr, at various temperatures
The semi-logarithmic representations of Figures (3.4 and 3.5) are the 
first steps in testing the applicability of equation (3.1), since these plots
can be used to determine the constant tQ, from the intercept of the straight
. . . . tlines drawn through the points at large t, i.e. for which ~  »  1. The para-
o
meters K and t obtained in this way are tabulated in Table 3.1 o
p = 0.5 torr p = 5 torr
T°K t (min) o K(yg/cm2) t (min) o K(yg/cm2)
573° 30 48.03 14.5 64.7
523° 32 27.60 12.5 36.7
498° 35 24.05 12.5 29.7
473° 41 22.03 15 22.7
T A B L E  3 . 1
Figures (3.6 and 3.7) show the results plotted in accordance with the 
direct logarithmic law and hence illustrates its applicability to the 
protective oxidation of copper. They also show that this data fits a one 
stage law in contrast to its appearance in the W, against log t, plots in 
Figures (3.4 and 3.5), which can mistakenly be taken as two stage logarithmic 
kinetics; this point will be returned in the discussion” Chapter 6.
3.1.3.1a Activation Energy of the Logarithmic Kinetics
Plots of log K vs ^  were used to calculate the activation energy 
of oxidation from^jrheimis relationship:
K = Ae-Q/RT (3.2)
Where A is a constant, T the absolute temperature ( K), Q the activation 
energy, R the gas constant, and K the oxidation rate constant. Activation 
energies obtained from plots shown in Figure (3.8), had the value 21 KJ/mole 
for oxidation runs carried out at 6.65 x 10+1 and 6.65 x lC^Nnf^O.S and 5 torr) 
pressures. On the basis of the various theories outlined in Chapter 1, the 
interpretation of Q can have several meanings, e.g.
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Ql -  +  (t _ V ) Uhlig’s 2nd stage (3.3)
Q2 = f(T) Evans ^ o)   (3.4)
4TmQe6y (Li\
Q0 = e(d> + ------- y) Fromhold   (3.5)
o £
= - 4tt q2 N Ritchie    (3.6)
Where the various symbols have the meaning given them in Chapter 1.
This multiplicity of possible meanings for Q highlights the fact 
that the conformity of the data to a direct logarithmic law does not help 
in determining the oxidation mechanism.
3.1.3.2 Oxidation in Presence of a Heated Filament : i.e. Forward
and Reverse Fields 
3.1.3.2a Introduction
In order for the oxidation mechanism to be deduced from the kinetic 
data, the use of a mechanistic tool which can influence the oxidation 
kinetics in a well defined reproducible way appears to be of initial need.
As was discussed in the last chapter, the use of externally applied 
electric currents can serve as a useful method to investigate the mechanism 
of low temperature oxidation. This technique has been applied to the 
logarithmic oxidation of copper and the results are given below.
3 .1.3.2b Method
These runs were carried out in oxygen.at 6* 65x 101Nm”2(b.5torr); the low pressure
being necessary in order to preserve the Iridium filament of the thermionic 
current device from rapid oxidation. The choice of the time at which the 
current was applied was made to place it well within the second logarithmic
stage on the Uhlig interpretation of logarithmic kinetics. Hence a possible 
rate increase due to transition between stages could be excluded from the 
interpretation of any possible alteration of the kinetic data by the 
external current.
The current to be applied was calculated, by reference to the rate 
of weight increase in the neighbourhood of the time chosen, prior to 
application of the external current. For example in Figure (3. 9 ) the rate of 
weight increase in the neighbourhood of A is:
^ 4? “ 0.15 yg/cm2 min   (3.7)At dt °
This weight gain is equivalent to the formation of 1.35 yg/cm2 min 
of Cu^O. The necessary charge for the formation of this amount of oxide 
is .90 x 10~3 C, which corresponds to an oxidation current of 1.5 x 1 0 “ 5 A / c i v i 2' 
As 'the whole specimen area was 3.2 cm2, the normal oxidation current for 
the front face is 23 yA. Hence a current greater than 2."% yA was enough 
to produce the possible effect on the oxidation kinetics. As was described 
in Chapter 2 , the Triode arrangement used in the present investigation
was capable of impressing electric currents of the order of 200 yA/cm2 
to the specimen surface with a potential difference between the emitting 
filament and the positive anode of about, 10 V, when grid and filament 
are at earth potential. It is important' to note that this current can be 
obtained for a potential difference which is below the ionization potential 
of oxygen. Use of the grid at e .g. + 5 V enables the current of this order 
to be obtained at even lower potential differences of, say, 5 V between 
specimen and filament. This is the normal mode of operation. However in 
certain runs curves were also obtained with a reverse field condition; i.e.
- 10 volts being applied to the specimen; in these cases the grid was 
always earthed.
3.1.3.2.c Results
Figure (3.10) shows the first weight gain vs time curve obtained, for 
a sample oxidized at 523°K. Section 0A was obtained in the absence of a 
thermoionic current, i.e. under the conditions used for the runs described 
in the previous section. At point A the filament current was switched
on and a positive bias of 10 volts applied to the specimen: the grid and 
the filament were earthed. The thernvu onic current impressed on the 
specimen under this condition was of the order of 200 yA, well in excess 
of the electron current across the oxide corresponding to normal oxidation 
which was only 70 yA at the oxidation rate immediately prior to point A.
The impact of this action on the oxidation rate was almost immediate, as 
can be seen from Figure , and was at first seen as conclusive evidence for 
the Uhlig model since the space charge region would have been circumvented 
by the externally applied current. This conclusion was short lived however 
since, after 35 minutes the bias applied to the specimen was reversed in 
polarity; point B, in the figure. The thermoionic current to the specimen 
dropped to zero, but the rate of oxidation remained unchanged. In segment 
CD, the potential supply was switched off and the run continued while after point D 
filament was also switched off. The reduction in the rate of weight gain 
after this point can easily be observed.
As far as the nature of the filament effect is concerned it may be 
an increase in logarithmic rate of oxidation or a transition to another 
rate law. The induced rate was found to fit the parabolic relationship 
and this will be described in the following sections.
The observed effect which has been shown to be reproducible is very 
important, because it is the first time that one can see an alteration from 
logarithmic to the parablic kinetic, which occurs under the influence of 
an outside interference. It is also interesting to note that the effect is 
not explainable by Uhlig's or any other existing theory because it is 
independent from, the field polarity.
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Figure 3.10. Oxidation of copper in 0.5 torr at 523 K.
The filament was heated over the section AD. The field polarity was 
forward in AB, reverse in BC, and no field was applied between C and D.
 A great amount of time was spent trying to understand the origin
of the high induced rate, which was suspected to be related to one or more 
experimental factors such as; oxide structural discontinuities, thermal 
shock, temperature rise resulting from the presence of the hot filament 
and filament radiation. Experiments carried out to eliminate each of 
the possible effects of the above factors are described in the following 
sections.
3.1.4 Investigation on the Cause of the Induced Oxidation Kinetic
3.1.4.1 The Effect of Thermal Shock
The oxide formed before switching on the filament could have cracked 
under the influence of thermal shock, which results from the rise in the heat 
flux immediately after filament switch on. This might be particularly 
important if the logarithmic law had arisen because of the development 
of pores and cavities across the oxide/metal interface. In this case the 
temperature drop across the discontinuity could become large as the cavities 
develop with time, perhaps sufficiently so to enhance diffusion coefficients.
Two groups of experiments were carried out in order to check whether 
either of these points were of importance. In the first series the filament 
was turned on slowly; taking 40 minutes to get to the required brightness, 
whereas in the second series the filament was switched on suddenly at 
different times, a further run was carried out in which the filament was 
switched on at the beginning of the fun. Figure (3.11) shows.the effect of the 
slow switching on, the rate has the same order as the first run, the 
apparent weight loss before filament action is due to buoyancy effect. The 
effect of the repeated fast switching on the filament is shown in Figure (3.12). 
Figures (3.13/3.14) s h o w  t w o  r u n s ; in one Qf them the filament was switched on 
after 3 minutes and in another one at time zero, i.e. before any oxide had 
formed. Oxidation rate in the presence of a hot filament in all the latter 
curves has the same order of magnitude as the previous one shown in Figure (3.10).
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Figure 3.11. Oxidation of copper in 0^* 0.5 torr, at 523°Kf
the filament was heated slowly to emission temperature over the period
A-A*. The apparent weight loss is attributable to the buoyancy change
-ill .the, balance position
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Figure 3.12. Oxidation of copper m  0^* 0.5 torr,
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Figure 3.14 . Oxidation of copper in 0~, 0.5 torr, at 523^ K*.  ^The filament 
was heated between 0 and B . ^
3 .1.4.2 The Effect of the Radiant Heat
In order to examine the effect of temperature rise resulting from 
the presence of the hot filament, a fine thermocouple made with a sheath of 
diameter 1 mm was imbedded in the surface of the fresh copper specimen.
The maximum temperature rise was 30°K, the rate increase corresponding 
to this temperature rise should be of the order of the change when the 
temperature goes up from 523°K to 573°K. As Figure (3.2) shows, this increase 
is rather small and could not give rise to the large rate observed when 
the filament is switched on.
3.1.4.2a Radiation Shields
In the oxygen pressure of 0.5 torr used, for oxidation in the pres­
ence of the hot filament, the mean free path of the gas molecules is 0.24 cm;
which means that the main heat transfer mechanism involved is radiation.
. . . . . . (82) 
This radiative coupling can be reduced by the use of radiation shields
Mounting of the shields was carried out in two ways. In the first place 
shields were supported by the specimen hangdown, as shown in Figure (3.15a), 
Here the shield material which was an aluminium foil was pre-oxidized in a 
higher temperature before using, this procedure was followed to ensure that, 
its contribution to the weight gain during oxidation is negligible. In the 
second place the shield was isolated from the specimen assembly, and it was 
held by a support, fixed by a block which fits the base of the screw arrange­
ment used for changing the samples, this is shown in Figure (3.15b).
The result obtained by use of a single Plannar shield is given in Fig­
ure (3.16). While the shield reduced the temperature rise due to filament 
radiation from 30°K to 20°K the magnitude of the increase in oxidation rate 
observed is as large as the one shown in Figure (3.10). Examination of the 
specimen showed that, in the presence of the plannar shield the higher oxida­
tion rate induced by the presence of the heated filament is confined to the
edges of the specimen. Re-examination of the specimens oxidized in the 
presence of the heated filament, but without the shield showed that the 
high induced oxidation rate occurred uniformly over the whole of the front 
face, which is under the direct filament radiation, it also wrapped around 
to influence the edges of the back face as in the case of the shielded 
specimen. Plate 1. To insure that the higher oxidation rate at the edges 
i.e. edge effect; is not due to radiation transfer around the edges of shield 
by either line of sight or diffraction effects; a semi-cylindrical shield, 
whose length was also considerably longer than specimen, was used in the 
next experiment. Although the above mentioned radiation transfers could not 
be responsible for an increase in oxidation rate in this new arrangement; 
the rate increase remained large,Figure (3.17) .The edge effect was in this 
case completely tonfined to the back face of the specimen. When this latter 
shield was replaced by a complete cylinder, the edge effect was removed, and 
the magnitude of the rate incrase was slightly reduced, Figure (3.18). The 
area over which the larger oxidation rate was found in the presence of the 
heated filament is summarised in Figure (3.19).
The dependence on the number of shields of the radiative coupling when
(go)
several shields are arranged in a parallel manner is given by the formula
K
Where N is the number of shields? K is a constant, # and H is the fraction of the 
radiative heat received by the specimen . Thus the radiation effect could be minimise 
still further by use of a set of 3 shields. Here the edge effect was found - 
plate 2, page - as with the single plannar shield; and the rate increase 
occurred as before although in this case the radiative heating would have given 
less than 30°K increase in the temperature. Figure (3.20) shows the rate enhance­
ment in the present case.
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u
(b)
n
Shield Sample ->
(a)
6
Shield
Figure 3.15. Schematics, showing the ways which 
shields were held.
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Oxidation of copper in 0„, 0.5 torr at 523°K and with a plane shield. 
The filament was heated Between A and B.
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'Figure 3.17. Oxidation of copper in O2 , 0.5 torr at 523°K
and with a semi-cylindrical shield. The filament was heated between
A and B.
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Oxidation of copper in 02, 0.5 torr, at 523°K, in presence of 
cylindrical shield. Filament was heated in sections Aft and
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Figure 3.19. Oxide thickness distribution across the 
specimen surface, with and without shield
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Figure 3.20
Oxidation of copper in 02> 0.5 torr at 523 K and with three plane 
shields. The filament was heated between A and B.
A summary of the very large number of experiments carried out during 
this period in order to establish the effect of the shields is given in Fig­
ure (3.21). In each of these series of experiments the normal oxidation 
behaviour returned after the filament was switched off-. The above results 
show, that the thermal effect of the heated filament is not the cause of 
the observed rate increase. Further discussion of this matter is given, after 
the next section which deals with the kinetics and activation energy of the 
induced rate.
3.1.4.2b The Kinetic of the Hot Filament Induced Oxidation Rate
As it was previously mentioned, the oxidation kinetics follows a 
parabolic relationship in the presence of the heated filament. This can be seen 
in Figure (3.22), showing plots of W2; (yg/cm2) against t(minutes) for runs 
carried out in presence of the hot filament for temperatures in the range 
423°K to 523°K. The curves have been plotted by shifting the zero of time 
to the point that the filament was switched on in each run. They show a 
good fit to the parabolic rate equation
W2 = Kxt + K2 .........  (3.9)
The rate constants and K^, corresponding to the above mentioned 
curves are calculated from the slope of 'the lines by a least square method, 
these are tabulated in Table (3.2) . . ■*’
Temperature (°K) ( y g2Cm"lf min“1) K2(yg2Cm“4)
423 14.09 -7.51
473 32.97 -4.30
523 119.07 -1.455
T A B L E  3 . 2
The constant is related to the disturbance produced by the filament 
switch on; which is an apparent weight loss, and its magnitude is indicative 
of the competition between the weight increase and this weight los£ in the 
initial stage of parabolic oxidation.
3.1.4.2c The Activation Energy of Induced Kinetics
The activation energy of parabolic oxidation was obtained from the 
slope of log^^K vs. i  plot shown in Figure (3.23). The value obtained in 
this way was 38.8 KJ/mole.
3.1.4.2d Discussion
The series of experiments carried out in the last sections eliminates 
the possibility that the increase in oxidation rate results from the 
thermal effects of the filament. The drastic effect of energizing • the 
filament is emphasised by the fact that the geometry of the shields used 
determines the distribution of the enhanced oxidation rate on the specimen 
surfaces rather than affecting the enhancement of the rate. This is 
illustrated in Plates 1, 2 and 3. In regard of the above results and after 
detailed examination of all specimens the following conclusions could be 
obtained.
1. In the absence of the shield the front face is heavily oxidized,
and the reverse face is only oxidized at the edges, this is shown in 
Plate 1.
2. When plannar shields are used both front and reverse edges oxidize, 
this is more distinct at the front face: Plate 2.
3. The semi-cylindrical shield reduced the edge effect on the front
face when compared to the case for plannar shields.
4. The hangdown hook reduced the rate of oxidation in the area shadowed
from the filament.
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A Plate 1 B
Oxide thickness distribution for runs 
in presence of a heated filament
A Plate 2 B
As Plate 1 but in presence of three plannar shields
A Plate 3 B
As Plate 1 when a cylindrical shield is used
5. A complete cylindrical shield equalised the distribution of oxidation 
rate in front and back faces, Plate 3.
6. Mounting the specimen parallel to the radiation direction resulted
in an even oxide distribution across the front and back faces, both 
faces were heavily oxidized leading to the highest rate increase 
among all. .
7. Offset shield gives offset distribution in front face.
Perhaps the most significant result is the one showing that a single 
plannar shield decreases the oxidation rate of the front face relative to 
the back face- This is quite inconsistent with any proposal which links 
the enhanced oxidation with the thermal flux received by the specimen.
However all the received results are consistent with a gas phase coupling of 
the specimen.to some molecular, atomic or ionic species generated in the 
vicinity of the emitting filament.
Figure (3.24) illustrates possible transport paths.in.the.absence and 
presence of a plannar shield. it is important to the interpretation of
the results to note that ESCA examination of surfaces oxidized in the presence 
of the filament showed no trace of either iridium which could have been 
evaporated from the filament, nor of any other impurity which may be active 
in presence of the heated filament. A spectrum recorded from one of the 
oxidized samples is shown .in-Figure (3.25) . This latter test suggests that the 
gas phase transfer responsible for the high rate of oxidation is one of an 
oxygen species, i.e. atomic, active molecules or ionic oxygen generated in 
the vicinity of the hot filament since no other element appears to play any 
role. A subsidiary experiment was carried out in which a sample of copper 
was oxidised in the presence of a glow discharge from a Tessla coil. The 
effect of establishing the glow was an increase in oxidation rate.
Figure (3.26) shows the induced oxidation rate, which has the same magnitude as 
the one observed in the presence of the hot filament. This experiment also
1 >
gas phase transfer
Filament
Figure 3.24
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confirms that the increase in oxidation rate is due to the presence of 
one or some of the above mentioned oxygen species, this matter will be 
discussed in general discussion, where attempt will be made to identify 
the oxygen species responsible for the effect observed. ' '
In order to demonstrate that the rate increase induced by the hot
filament is not confined to the oxidation of copper, similar experiments
were carried out using a different metal i.e. nickel. This work is 
described in the following section.
3.2 Oxidation of Nickel
3.2.1 Introduction
The thin film protective oxidation (< 723°K) behaviour of nickel has
(83-85) . .
been described m  the literature by various workers . The kinetic data
obtained has been said to confirm to different rate laws. For example, at
673°K the kinetic data has been fitted to a parabolic l a w ^ ^  a logarithmic
law followed by a quartic law^^^; a two stage logarithmic l a w ^ \  and
also a cubic oxidation equation^"^ .
Although there is no agreement, that which rate law can best describe
the relationship between the weight gain and time, most of the results
obtained previously follow a direct logarithmic law, at least at the first
,  ( o i)
stages of oxidation; which has been described by Uhlig as a two stage 
rate law on the basis of the same theory as he applied to the thin film 
oxidation of copper. As before, the work has been carried out in two parts; 
firstly a series of oxidation runs were carried out to confirm the fit of 
the protective oxidation kinetics of nickel to the logarithmic rate law, 
and secondly to find out the effect;of the externally applied electric current, 
and of the presence of a heated filament on the oxidation kinetics.
3.2.2 Experimental Details
3.2.2.1 Material Preparation
The samples were usually cut to the dimensions of 1 *1.5 cm with a 
hole near to the central end for suspending from the microbalance hangdown.
The surface preparation and polishing procedure was the same as described
for copper specimens. Samples were kept in an atmosphere of oxygen free
nitrogen before transferring to the oxidation chamber.
3.2.2.2 Oxidation Pressures and Temperatures
The oxidation atmosphere was Grade X oxygen (BOC) at pressure of
6.65 x 102 Nm“2(5 torr)y all runs in which a heated filament was used were
carried out at 6.65 x 101 Nm“2(0.5 torr). As the oxidation of nickel is less 
rapid than that of copper, runs were carried out at temperatures in the range 
573-723°K. Samples were heated to reaction temperature in vacuum, and the 
zero of time taken for the start of each run was 2 minutes after oxygen 
admission into the balance case; runs lasted between 5 and 15 hours, and the 
results were corrected for buoyancy effect.
3.2.3 Kinetic Results
3.2.3.1 Runs in Absence of the Heated Filament
Figure (3.27) shows the weight gain per unit area (yg/cm2) vs time 
(Min) curves for runs at various temperatures and 5 torr oxygen pressure.
The same mathematical procedure which was applied to confirm the applicability 
of logarithmic kinetics in oxidation of copper was applied here. The log­
arithmic plots given in Figure (3.28), which conform to the single stage log­
arithmic law; i.e. equation 1.3, were obtained by use of values of’t from 
curves depicted in Figure (3.29). The constants of logarithmic equation 
are tabulated in Table 3.3.
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TABLE 3.3
T(°K) K(pg/cm2) tQ(min)
613 30 40
673 42 45
723 87 33
The magnitude of the weight gain hag' the same order as those obtained 
by Uhlig^^ . The results obtained by K. Hauffe group show smaller 
figures than the present results, this is expected, because of a roughness 
factor of 2- used by K. Hauffe. However in contrast to the above author' 
reported data, which show deviation from logarithmic behaviour, after about 
4 hours oxidation at 673°K, -tVve,results show good confirmity up to 15 hours.
3.2.3.1a Activation Energy of the Logarithmic Kinetics
The activation energy for oxidation was calculated by reference to 
the logKvs —  plots shown in Figure (3.30), using the slopes of the best fit 
lines drawn by a least square method. This gave a value of 38.25 KJ/mole
/ OON
which is comaprable with the value obtained by previous workers many of 
whom found values around 41.8 KJ/mole.
3.2.3.2 Runs in presence of the Heated Filament
Following the method described in Section 3.1.3.2b; the required 
externally applied electron current for inducing a possible change in the 
oxidation kinetics in accord with the Uhlig theory, was calculated. Under 
the condition of forward applied field, i.e. positive specimen and grid 
voltage of 5 volts each, an electron current of 150 pA/cm2, which is 3 times 
larger than the normal oxidation current for the present situation was 
drawn from the heated filament to the gas/oxide interface. The increase in 
the oxidation rate for this forward field condition which corresponds to
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section AB of curves shown in Figures(3.31) remained constant in segments BC , 
and CD of these curves carried out under reverse and zero applied field 
respectively.
3.2.3.2a Edge Effects
Examination of the oxidized samples showed a rate distribution across 
the specimen surface, similar to the one observed in oxidation of copper i.e. 
while the oxide has a uniform thickness distribution in front fact, which 
was under direct filament attack, edge effects on the back of the sample 
confirmed that the oxide is thicker in the Edge band compared to the 
central area.
3.2.3.2b The Kinetics of the Filament Induced Rate
Plots .of W (yg/cm2) vs time (min) are shown in Figure (3.32), for runs 
carried out in the presence of the heated filament. These curves have been 
plotted by shifting the zero of time to the point that the filament was 
switched on in each run. It is clearly evident, that a parabolic kinetic 
such as equation (3.9), is applicable to the oxidation in the presence of 
the hot filament. The rate constants of this rate law are obtained from 
Figure (3.32) and they are tabulated in Table 3.4.
Constant of the induced parabolic kinetics.
TABLE 3.4
T(°K) Kx(yg2cm 4min *) K2 (yg2cm“4)
573 11.1 -111
673 35.5 -159.7
723 65.6 -492
.The activation energy of the above mentioned parabolic law was 
calculated by reference to the rate constants K^, from plots of log vs y  
shown in Figure (3.33). This results in a value of 41.1 KJ/mole.
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Figure 3.31(a). Oxidation of nickel in 0„, 0.5 torr at 573°K. The filament 
was heated over the section AD.- The field 6,f polarity was forward in AB, 
reverse in BC and no field was applied between C and D.
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Figure 3.31(b) . Carried out in the same conditions as 3.31(a) but at 
a temperature of 723?K.
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The conclusion extracted from the kinetic results, and experiments 
in the presence of the heated filament is that: a single stage logarithmic 
kinetic is operative in protective oxidation of nickel. This rate law changes 
to a parabolic one in the presence of the heated filament. The distribution 
of the oxide thickness across the specimen surface also shows that the 
effect of the heated filament is manifested as a gas phase transfer to the 
oxide/gas interface.
C H A P T E R  A
OXIDATION OF COPPER-NICKEL ALLOYS
4.1 Introduction
As was pointed out in Chapter 2} Cu-Ni alloys are comparatively
simple systems for the study of the oxidation of alloys in the logarithmic
range. Although the oxidation behaviour at temperatures higher than 973°K
has been the subject of several investigations^^ at lower temperatures
the only extensive studies are those of Bouillon and Stevens and
( 54 )
Castle . In contrast to.the scale formed at higher temperature by
. . . . (53)oxidation of intermediate alloys, which consists of a duplex structure
. (54)the room temperature formed oxide has been found to be solely nickel oxide
The appearance of copper oxide as a separate phase and the transition to
high temperature structure was found to occur at about 723°K after less than 
(54)
one hour . Although at such small film thicknesses there is no proof 
that duplex structure is fully developed, diffusion processes across the 
inner layer or perhaps, dovetailing nuclei, may be responsible for the 
further growth into duplex structures of many microns in thickness.
This study was carried out to investigate the diffusion processes 
and oxidation mechanism in the protective oxidation of copper-nickel alloys 
over the same temperature range and using the same technqiues as were used
for the study of the oxidation of copper and nickel. The interdiffusion
# + f 2+
of the two species, Cu and Ni , was followed by use of XPS.
4.2 Experimental Details
4.2.1 Material Preparation
The oxidation of copper-nickel alloys at temperatures of about 
573°K is known to have a region centred on 80/20 Cti/Ni in which the oxida­
tion rate increases with nickel c o n t e n t ^  . In addition it has been shown^ ^  
that blistering of the outer Cu^O oxide can occur on the 90/10 alloy and 
that the 70/30 alloy can give breakaway effects^^. The 60/40 alloy has
no known disadvantages and this alloy was chosen for the present study. 
Specimens were cut by a punch to the appropriate shape for mounting on 
the spectrometer probe, they were then abraded up to 600 Sic, and subsequently 
polished to a lym diamond finish.
4.2.2 Methods
The XPS Technique described in Section (2.3) was used to follow the 
course of oxidation and reduction cf the alloy; a suplimentary kinetic 
study was also carried out to confirm the conclusions obtained from the 
XPS study.
4.2.2.1 XPS Studies
4.2.2.1a Oxidation
The sample to be oxidized was mounted on the specimen probe which
subsequently was mounted in the spectometer preparation chamber. The chamber •
was immediately evacuated to 1.33 x 10“5 Nm“2 (10“7 torr) and at this stage
the specimen was etched in the argon ion beam (15 yA; 2000 ev ions; Iontech
Ltd; Teddington; Middx.; England) for 15 minutes to remove surface oxide
and other contamination which may be present at the surface.
,The aample was then heated up to the oxidation temperature in the
way described in section (2.3.7.5)and oxygen was admitted to the reaction
chamber at a pressure of 5.32 x 101 Nm“2(0.4 torr), at the end of the
oxidation period the cahmber was re-evacuated and the sample heater was
\
disconnected. Spectra could be obtained within minutes and by the procedure 
described-in Section (2.3.7 .,5).Runs were carried out in this way at 298, 433 
and 523°K. The specimen exposed at 298°K was again oxidized in sequence 
for a further 30 minutes at 358°K and 60 minutes at 398°K without intermediate 
cleaning. The spectra obtained after oxidation and at various temperatures
are shown in Figure (4.1).
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4.2.2.1b Reduction
Following the above described oxidation sequences, the oxidized 
samples were vacuum annealed at reaction temperatures and 1.33 x 10“  ^Nm-2 
(10“‘7 torr). In order to follow the gradual concentration changes of the 
elements present in the outer oxide layer during this annealing sequence, 
spectra were recorded after the first hour and at intervals until the cuprous 
oxide was completely reduced tometallic copper. During the course of 
annealing at 523°K the opportunity was taken to examine the effect of electric 
fields on relative diffusion rate of copper and nickel. In order to perform 
this subsidiary experiment a thoriated iridium filament was set up in the 
preparation chamber of spectrometer and for two discrete periods of one 
hour, a potential difference of 10 v was set up between specimen and emitting 
filament, this resulted in a specimen current of 12 yA. The field was then 
reversed for 1 hour with the filament remaining on, spectra were recorded 
before, after and in intervals between field experiments. After the 
tests, the filament was switched off and the annealing process was continued 
without further interuption.
4.2.2.2 Kinetic Studies
Oxidation of 60/40 copper-nickel alloy was carried out at 523°K 
and 5.32 x 101 Nm-2 (0.4 torr) oxygen. The manner of specimen preparation 
was the same as the one mentioned in section (4.2.1), and the weight gains 
were directly followed by the microbalance recorder assembly. The 
effect of the heated filament i.e. active oxygen species on the 
oxidation kinetic was also examined and this will be described in the 
forthcoming sections.
4.3 Results
In order to follow the course of oxidation and annealing, and to 
determine the temperature of transition from the room temperature to the 
duplex structure, the oxidation state of each element must be defined; 
as well as the concentration of elements present in the reaction sequence.
The requirement was achieved from the characteristic peaks of each 
element i.e. Ni2p and CuLMM Auger peaks which show different characteristics 
for different oxidation state of the corresponding element. For instance 
when metallic nickel oxidizes to NiO the Ni2p peaks are accompanied by
satellites characteritic of the oxide. This behaviour has been seen by
(68 ) C 54 )Novakov and Prins and also by Castle , and it can be used as a
means to differentiate between metallic nickel and Ni^+. Figure (4.2) ^ ^
shows the gradual change in intensity and peak positions as well as the
appearance of satellite peaks which happens in the. course of oxidation.
Although the chemical shift from a to d cannot be recognised in a 1000 volts
survey scan,, the broadening of the main peaks accompanied by the satellites
makes the detection of the oxide possible even on this small scale. The
• 2*1* • • difference between Cu, Cu and Cu manifest themselves in both the photo-
(67)electron and the Auger spectra of copper. Figures (4.3 and 4.4) show
the Auger and photoelectron peaks obtained in different stages of 
oxidation of copper. While the cuprous Auger lines remains strong and 
show a measureable chemical shift compared to the metallic state, the cupric 
signal is both weaker and closer to the metal position. The photoelectron 
spectra show only a small shift on oxidation from the metallic to the cuprous 
state, but a well defined shift is accompanied by satellites on further 
oxidation to cupric oxide. The above characteristics indicate that the
•f
gradual changes from Cu to Cu state can be followed by reference to the LMM 
Auger lines, while both the satellites and chemical shift in CuO photoelectron 
peaks can serve as a means to detect the oxidation of copper to its highest
state.
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Figure 4.2. Nickel oxidation. Photoelectron peaks recorded from a nickel 
sample, showing the appearance of satellite lines characteristic of nickel 
oxide (67>
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Figure 4.3. Copper oxidation, photoelectron peaks, showing the 
small negative shift on formation of Ck^O and well defined shift 
and satellites for cupric oxide (^7)
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Figure 4.4. Copper oxidation. Auger spectra, showing strong and well 
separated from the metal, whilst the cupric signal is both weaker and 
closer to the metal position.' '
The full scan spectra obtained from samples after oxidation are 
presented as a three dimentional montage in Figure (4.1), and it provides 
information on the presence of various species in the outer oxide layer 
by reference to the above described key spectra. Although there has 
been some oxygen adsorption at 298°K the spectra after 900 S remain those 
of copper and nickel metals. After a further 1800 S oxidation at 358°K 
the Ni2p peaks show the characteristic satellites of nickel oxide. The 
oxidation state of copper can be deduced from the CuLMM Auger peaks 
included as an inset, showing that the copper is in metallic state. The 
first evidence of the overgrowth of the nickel oxide by copper oxide was 
found after a further period of 3600 S oxidation of this sample where the 
intensities of the nickel peaks were reduced in both 2p and 3p positions.
The copper oxide was found to be in cupric state, and this was thought to 
be due to an uncertain and, high oxygen pressure in this present run.
Spectral lines were recorded from a fresh copper sample exposed to oxygen 
at 5.32 x 10* Nnf2 (0.4 torr) for 3 hours at 433°K. The diminution of 
the vdickel peaks intensity and the increase in the Cu2p peaks confirm that 
the outer surface of the oxide is almost covered by copper species. The 
further set of spectra for oxidation at 523°K, show that at this temperature 
the copper oxide has completely occluded the first formed nickel oxide.
The exposure time at this run was only 1800 S. The Auger peaks shown as 
the inset in Figure (4.i) confirm that for both 433 and 523°K runs the 
copper is in the cuprous state.
The series of spectra obtained on annealing at 523°K are presented 
again as a three dimensional montage in Figure (4.5), showing the diminishing 
of copper peaks and the increase of nickel peaks intensities. The oxygen 
concentration in the surface layers remains remarkably constant. This 
nickel and copper concentration changes in the absence of oxygen, show the 
progress of the displacement reaction (4.1).
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Cu20 + Ni 2Cu + NiO (4.1)
The oxidation state of the surface nickel is readily identifiable
. +2 .as Ni by the presence of the satellites.
In order to follow the reduction course of Cu to Cu,the CuLMM 
Auger peaks, were also recorded in the same intervals as the 1000 ev scan 
spectra. These Auger spectra are given in Figure (4.6) and show the gradual 
reduction of copper from Cu+ to its metallic state. It is evident that both 
species are present in the surface at most stages of reduction. Eventually 
only copper is left on the surface and this continues to fall slowly. Once 
the copper was fully reduced there was no further increase in the nickel 
concentration. The external applied field which was applied during some 
periods of annealing did not change the relative diffusion rates of the 
copper and nickel species. This is shoxm in Figure (4.7^ where the conentra- ' 
tion of the various species (Cu, Ni and 0) changes in their normal way 
without being influenced by the applied field. Figure (4.8) shows the 
weight-gain vs time for-gravimetric oxidation of the alloy at 523°K. The 
confirmity of the oxidation kinetic to the direct logarithmic law can be 
observed in Figure (4.9). Runs were carried out in the presence of the hot 
filaments and the effect on the oxidation kinetics is depicted in Figure 
(4.12). This shews an effect which is smaller than those observed in 
oxidation of copper and nickel,
4.4 Discussion
The photoelectron and Auger spectra depicted in Figures(4.5 and 4.6 )
show the physical as well as the chemical displacement of copper by Nickel
during the annealing process. Although the occurrence of a chemical reaction
is expected from thermodynamics consideration, no physical movement of the
(51 52)
reaction products during annealing has been observed by previous workers *
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Figure 4.7. The relative concentrations of ions in the surface layers as 
displacement progresses at 523 K •
(a) Linear plot. At 3 h an electron flux of 12yA/cm2 was passed through the 
oxide for 2 h. The specimen temperature at this time was 398 °K* No influence
on the relative concentrations of ions was observed. A similar field was applied 
between 6 and 7.h with the sample at reaction temperature. Again no influence 
was observed. 2 +
(b) Parabolic plot of Ni concentration.
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Figure 4.9
concerned with the high temperature annealing of cupronickel alloys. The 
change in the copper peak intensities.is evidence of a reversal movement 
of copper during annealing compared to its flux during oxidation; confirming 
the occurrence of diffusion processes at temperatures as low as 523°K.
The qualitative information available from peak positions was supplimented
by semi-quantitative interpretation of peak heights using the Jorgensen '
( 72 ) . .
factors for obtaining the kinetics of annealing process.
The factors for different species which are present in the surface 
are listed in Table (4.1).
Element Signal Intensity Level
0 0.6 1 s
XT * **"2Ni 0.6 2
P
Cu 3 2
P
Cu(I) 3 2
P
Cu (II) 1.5 2
P
Tab 1 c? (4*1)
. +2
The factor used for Ni was obtained by reference to the Jorgensen
( 67 )factor and the ratio of peak heights of pure nickel and nickel oxide
O "I*As the Cu2p peak shows little alteration on conversion from Cu to Cu the 
factor used for Cu was the tabulated one for copper. The results of 
normalisation are plotted in Figure (4.7a), showing the concentration 
changes of different species on the surface during the annealing process. 
The approach of the nickel/oxygen ratio to unity coincidentally with the 
disappearance of the cuprous Auger Figure (4. 6 )., is important in the sense 
that it shows that the reduction process (4.1) is the driving force for 
nickel diffusion i.e. when the reduction process comes to completion the 
nickel concentration comes to a constant value; the constant concentration
of oxygen during annealing also shows the validity of the displacement
reaction. The small reduction in oxygen concentration at the beginning
of annealing is probably due to oxygen desorbed from the surface, and the
residual copper metal signal probably arises from-.traces of . the metal in
unfavourable surface sites whilst the bulk of the reduced copper redistributes
+2itself very rapidly. The parabolic plot of the Ni concentration against 
the annealing time is illustrated in Figure (4.7b) and it clearly shows 
that the nickel transport is a diffusion controlled process across the 
oxide. *
The above results throw interesting light on the low temperature 
oxidation behaviour of the alloys, showing that: firstly both copper and 
nickel are able to diffuse readily across the inner layer or its precursor 
shown in Figure (4.10) which is based on the development of the duplex 
structure from growth of separate nuclei. In any case at such low temp­
eratures, surface diffusion is the predominant transport process due to 
the smaller activation energy required compared to lattice diffusion. And 
secondly as Figure (4.7a) shows, copper and nickel diffuse at a similar 
rate, copper transport is driven by the activity gradient between the 
freshly reduced cuprous oxide and the solution of copper in the alloy phase. 
The driving force for nickel diffusion is the chemical displacement 
reaction (4.1), and enrichment of nickel in the surface ceases by completion 
of this reaction. The speed of the displacement reaction depends on the 
rate of nickel supply to the reduction interface, consequently it is this 
step which controls the reduction process .
Interupted oxidation experiments with Cu/Ni alloys which have been 
carried out by previous workers(51>52)do not show the striking evidence 
of mass transport during the displacement reaction which are presented here. 
However, all the earlier works have been done at much higher temperatures.
The above different annealing behaviour seems to be related to the difference
(a)
Cu2 O
NiO
433°K358°K
Cu2 O + Cu O 
NiO
Conglomerate
10™5 m
923°K
Figure 4.10. The structure of a duplex oside.
(a) Probable early state: cuprous oxide has inter- and over-grown the 
initial coverage of nickel oxide crystallites.
(b) Structure based on microprobe analysis of thick films
between the oxide structre and oxidation mechanism at low and high 
temperatures; while at low temperature a duplex monophase structure is 
characteristic of the oxidation product; at temperatures above 923°IC con­
glomerates of NiO and Ck^O begin to form early in the oxidation cycle at 
the expense of the duplex structure, probably because of the complete 
conversion of the copper rich layer to CuO and the attendant nucleation 
of Ci^O within the NiO layer. The manifestation of this, is a difference 
in the oxidation kinetics following an annealing period of the low and high 
temperature formed oxides. This is illustrated in Figure (4.11) where a 
set of oxidation curves taken from the work of Castle^^  ^ for a 70/30 
alloy at 573, 773 and 923°K are depicted. At 573 and 773°K the reoxidation 
after vacuum annealing restores the weight gain to that which it would have 
been had the run not been interupted, i.e. there is a period of rapid 
oxidation following annealing. At 923°K, however, the Cu/Ni behaviour is 
closer to that of copper i.e. the rate immediately before and after annealin 
are almost the same.
( 52 )The study by Yamashma and Nagmatsuya on interupted oxidation
at 1073°K shows that at this high temperature the rate of oxidation falls
after annealing. The conclusion to be draxm from these kinetic data is that
at the lower temperatures of interest in this thesis an internal diffusion
step which continue as a displacement reaction in the absence of molecular
oxygen is rate controlling. This supports the conclusion from the XPS
(51)
results. R.L. Levin and J. Bruce Wagner, Jr. believe that it is the 
porosity of an inner composite (nickel oxide + cuprous oxide) layer which 
provides the barrier for the nickel ions migrating towards the cuprous 
oxide layer at high temperatures. The difference in specific volumes of 
cuprous oxide (23.9 cm3/mole) and nickel oxide (9.9 cra3/mole) has been given 
as a possible explanation for the existing porosity.
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Figure A.1 1 . The kinetics of reaction during a displacement 
reaction on 70/30 alloy. At 573 and 7 7 3  k the weight gain rapidly 
recovers after interruption. At 923 K the oxidation curve is 
displaced by the interruption. The curve for copper is included 
to show the ’normal’ beavhiour when a displacement reaction cannot 
take place.
According to the above evidences and due to the fact that plastic 
flow is rather difficult to occur for thick oxide scales; the pore and 
cavity development can be the characteristic of the layers formed at higher 
temperature in both oxidation of metals and alloys; the density of such 
physical barriers for material transport increases during the annealing 
process at high temperatures which in turn makes the solid state diffusion 
in the reoxidation course more difficult.
If an internal barrier is rate controlling, the effect of the hot 
filament on the oxidation of the alloy would be negligible. The results 
obtained at 523°K shown in Figure (4.12) indicate that there, is a small rate
increase which is much less than the high induced rate on oxidation of
copper and nickel. This small rate increase is probably due to the temperature 
increase by radiation from the filament.
The observation of the direct logarithmic kinetics (Figure 4.9) 
instead of a parabolic rate expected for diffusion control is explained in
terms of the formation of the nickel oxide at the metal/oxide interface
by analogy with the Evans model^^ for pore formation, since, as the 
oxidation goes on, the contact area between the outer oxide of the base
metal (Cu^O) and the alloy decreases.
There appears to be little correlation between the logarithmic oxidation
behaviour on the alloy with that for the parent metals.
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C H A P T E R  5
DEVELOPMENT OF A NEW TECHNIQUE FOR 
CONDUCTIVITY MEASUREMENT OF THIN OXIDE LAYERS
5.1 Introduction
Although conductivity measurements have been used widely for
(90 91)obtaining information about defect structures m  oxides ’ , data
from conductivity measurements made on oxide layers while they are in
(92)
contact with the substrate metals are rare . This is m  spite of
the fact that this kind of measurement would enable us to follow the
structural changes in growing oxide films, as well as to detect the
interfacial porosity at the metal/oxide interface. The method has also
been used to follow the oxidation kinetics from the changes in the
(59)measured resistance of the oxide , although it must then be assumed 
that no interfacial porosity or other discontinuities arise during the 
course of oxidation.
Perhaps the most serious difficulty in obtaining conductivity 
data on growing oxide layers is that of making good electrical contact 
to the oxide/gas interface. Because of this fact and the importance of 
the data it was decided to attempt to develop the equipment used for 
applying electric field, Section (2.2.6.2) into a simple, contactless 
technique for the measurement of conductivity. In the original design,
Fig. (5.1), the specimen is mounted rigidly on a tungsten lead and 
forms the plate of a triode assembly. The filament in prototype design 
was of tungsten and specimens were oxidized intermittently, rather than 
continuously, to preserve the filament life. The final measurements in the 
series were made using the assembly on the microbalance which had .?. 
iridium filaments.
5.2 Experimental
The triode assembly pictured in Fig. (5.1) was made of pyrex with 
a cylindrical geometry of 7.5 cm diameter and 10 cm length. Electrode 
holders were made of tungsten rods which were vacuum sealed through to the 
pyrex. Specimens of high purity nickel, with the same elemental impurities 
as the one described in Table (2.3) wereacut to dimensions of 1 x 1 x 0.05 i
and were polished up to 600 Grit SiC paper. These samples were used as 
the Anodes of the Triode assembly. In order to avoid extra glass work 
when changing the samples, the specimen holders passed through the base 
of a closed socket which was vacuum grease sealed to the joint on the 
valve at AA!. The filament was made from a tungsten spiral wound into a 
2 cm square, which was removed from a 500 watt projector lamp. The grid, 
was made of a plannar mesh of fine platinum wire. The separation between 
the plate and grid was about 2 cm and that of grid and filament was 1 cm.
In order to preserve the filament life the above mentioned assembly 
was connected to a vacuum line, and the measurements were carried out in 
vacuua of 1.33 x 10”3 Nm"2 (10”5 torr).
5.3 Method
Electrical conductivity of the thin (^ 103 &) oxide layers may 
be obtained by reference to the dynamic resistance of the Triode Plate (r ),Q,
which is defined as the reciprocal of the slope of I-v characteristic of 
the valve. This parameter can be expressed as:
dv _ a
ra dia
(5.1)
v = Const 
S
Where v& and i&, are the plate voltage and current respectively, and v^ 
is the grid voltage.
The current-voltage characteristic of the valve with a fresh 
metal as the plate, is represented by curve (a) of Figure (5.2 ). When 
the plate is changed to an oxidized metal the characteristic curve will 
be represented by another curve such as (b) in Figure (5.2 ). The difference 
between the dynamic resistances obtained from these characteristics may be 
used as a measure of the oxide resistance.
A Y  V A 1
Filament suppJLy- -*»
P------- :—
Anode (sample)
Grid voltage-
V To vacuum
Figure 5.1. T h e  prototype equipment used for conductivity 
measurement of thin oxide layers.
(a) (b)
Ia
va
Figure 5.2. I.V characteristics of a Triode af constant gr^ . 
voltage, showing different curves for different anode materi
As the magnitude of the dynamic resistance measured for a particular 
plate changes from one point to another points of the I-V curve, it is necessary 
to choose those parts of the curve whose difference in dynamic resistances 
represent the oxide resistance, and not any other contribution due to nonlinearity 
of the I-V characteristics. Another requirement is the operation under space- 
charge limited condition during the measurements, this is important, because- 
under this condition the anode current is limited by the space-charge. Hence, 
its magnitude is independent of the cathode temperature.
In order to find out whether sufficient filament brightness for main­
taining the space-charge limited condition was available, the I-V characteristic 
of the valve was obtained for different filament brightnesses. Figure (5.3a) 
shows the I-V characteristics of the valve for various filament voltages. It 
is clearly seen that the operation is far from the space-charge limited condition. 
This situation is also pictured in Figure (5.3b) where the graph represents 
the variation of plate current (i ) against the filament heating voltage (vf),
cl i
when the anode voltage is kept constant (v = 10 volts). As the heating
cl
voltage goes up, its effect on the plate voltage becomes more profound. At 
lower filament heating voltages (< 80 volts), the plate current approaches zero.
The plate current i was as might be predicted, reduced by the presence
cl
of an oxide layer. The characteristics obtained with an oxidized specimen 
are given in Figures (5.4a and 5.4b). However the large filament voltage may 
have given rise to electrons with sufficient energy to excite secondary 
electrons from the oxide surface. This makes the curves and measurements 
difficult to interpret at such high voltages even if the space-charge limited 
condition could be met. The operation voltage of the filament is also of 
importance in view of the fact that electron energies should not exceed - 14 ev 
in any part of the system in order to avoid formation of ionized oxygen when 
measurements are made on growing oxide films. These remarks and the measurements 
presented in Figures (3 and 4) influenced the design of the microbalance
300
200 -
(yA)
100 **
(volts)
Figure 5.3a.
flOO
I.V characteristics of the prototype Triode valve using a clean nickel 
specimen as an anode
90 -
v^ (Volts)
85 ~
80 -
75
Fi gure 5.3b 
Variation of Anode 
current with filament 
heating voltage at 
constant anode and 
grid voltages 
(v = 2.0V, v = 0) 
with the clean nickel 
as the anode.
150
figure 5.4a. X.V. characterisi. tcs of the prototype Triode valve using 
an oxidized nickel sample as the anode.
I (VA)
ci
300
200
100
90
-100 -50 0 +100+50
v (volts) a
90 *
85 -i
0 50 100 150
Figure 5.4b. Variation 
of Anode current with 
filament heating voltage 
at constant anode and grid 
voltages (va=20V, v =0) 
using an oxidized nickel 
sample as the anode.
,<•»
assembly in which thoriated iridium filaments were used to overcome both 
problems. The measurements of oxides conductivity reported here were carried 
out using the microbalance assembly after the programme of oxidation kinetics 
had been completed. Figures (5.5a and 5.5b) demonstrate the characteristics 
obtained with, the iridium filaments, showing the operation under space-charge 
limited condition at small anode and filament voltages.
5.4 Results
5.4.1 Electrical Conductivity of Copper Oxide
Specimens of 1 x 1 x 0.05 cm high purity copper with the same elemental 
impurity of the one used in kinetic studies - Table , page - were polished 
up to 600 Grit SiC paper. Oxidation was carried out at 423°K and 6.65 x 101 
Nm“2 (0.5 torr) when the sample was used as the anode of the triode valve in the 
microbalance assembly. The elapsed time of oxidation was chosen to give a 
weight gain corresponding to a thickness of about 5 x 103 &. The balance case 
was evacuated, and the I-V characteristics of the valve were obtained at 
1.33 x 10-lf Nm-2 (10~6 torr) and room temperature. The specimen was further 
oxidized and the measurements were repeated. In this way the characteristic 
curves shown in Figure (5.6) were obtained.
In order to deduce the conductivity of the thin oxide film, the dynamic 
resistance of the valve was evaluated at different anode voltages. Figure (5.7)
demonstrates the variation of
dva
dia
, vs v using values extracted from Figure 
a
(5.6). Figure (5.7) clearly shows, that the dynamic resistance is a measure 
of the oxide thickness, only at voltages larger than 6 volts, i.e. those parts 
of the I-V characteristic which approximates a linear relationship in the.small 
voltage intervals concerned.
By reference to the above remarks the resistance of the oxide was 
measured in two ways. (a) At constant anode voltage, and (b) at constant 
anode current. In method (a) the difference between the dynamic resistances
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of the valve with copper as the anode and with any of the oxidized samples 
yields the resistance of the oxide layer for the specific weight gain, this 
can be expressed by equation (5.2):
dv
R . , = P f  ~  oxide A di
Cu2 °
dv,
di (5.2)
Cu
In method (b) the resistance of the oxide was deduced at a constant 
anode current by reference to equation (5.3):
Roxide
x VA 
P T = — Cu?0 VA Cui^ Constant (5.3)
The specific conductivities of oxide obtained in these ways are given 
in Table (5.D and had an order of magnitude of 10-1  ^ cm.
T A B L E  5.1
W.G. (yg/c.m2) Method (a) Method (b)
35 3.5 x H r 10 ft"1 cm 4.5 x 10“10 ft-1 cm
40 3 x 10"10 2.8 x icr10
45 2.6 x 1CT10 2.3 x 10“10
5.4.2 Electrical Conductivity of Nickel Oxide
Nickel specimens prepared in the way as outlined in section 
were used as the anode of the microbalance assembly. Oxidation was also 
carried out at 673°K and 6.65 x 101 Nnf2 (0.5 torr), until the oxide thickness 
reached 103 &. The conductivity of the oxide could only be obtained by method 
(a) using data of Figures (5.8 and 5.9), since the current drop after oxida­
tion was so great that method (b) was inapplicable. The value obtained was 
10“12 ft-1 cm.
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5*5- Discussion
The electrical conductivity of the copper oxide had a magnitude
of 103 lower than the corresponding value obtained by previous workers .
Comparison between the electrical conductivity of nickel oxide (10-12 fi~1cm.)
(91)
with those obtained by other workers also shows that this result is 
several orders of magnitude lower than previous values, which range between 
10”7 and 10-10 cm, depending on the degree of purity of the oxide.
The following factors may be responsible for the lower conductivities 
obtained in the present work. Firstly the metals used in the present 
investigation were sufficiently pure to produce oxides with low levels of 
extrinsic defects, whilst the intrinsic defects will be lower because of 
the lower temperature of oxidation. Secondly the oxide layers grown in 
the present work are thin. Hence, they may have a higher resistivity
than the thick oxide layers, this is due to the fact that defects such as
pores and cavities at the interface have a greater influence on the total 
electrical resistivity in the thin film range than in the thick film range.
As the oxide grows, its conductivity may change. For instance any 
interfacial porosity or cavity at the metal/oxide interface will bring 
about a lower electrical conductivity at the early stages of oxidation when 
compared to the conductivities of the outer oxide slices. Variation of 
total resistance of the oxide (RQ) vs oxide thickness for copper oxide is 
depicted in Figure (5.10), showing that, the oxide resistance increases 
linearly with the oxide thickness. The graph also shows that the inter­
facial phenomena if present, do not increase the oxide resistivity by a 
measureable amount at the early stages of oxidation.
In developing the above described technique further modifications
may be introduced to extend the range of applicability of the method. The
resistance of the oxide is the change in dynamic resistance of the valve, 
when the anode changes from a metal to an oxidized sample. The applicability
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of the technique is therefore restricted to cases which the oxide thickness,
and its resistivity are sufficiently high to change the dynamic resistance
by a measureable amount. For example a conductivity of < 10" 8 ft" 1 cm of
a thin (- 103 &) oxide film cannot be measured with the present Triode valve.
This is due to the fact that the resistance of the oxide layer to be measured
is of the order of 1 0 3 ft, and this would not manifest itself as a change
in the dynamic resistance of the valve which is 5 x 10  ^ft in the region
used for the measurements. In order to extend the range of applicability
of the valve the electrode separation could be arranged in such a way to
(93)reduce the dynamic resistance as much as possible
Another problem which we were faced with, was the attempt to take 
the measurements whilst the oxide was growing. Here the filament emission 
at oxidation pressure (0.5 torr), was not sufficient to reach the space- 
charge limited condition, any further increase in filament heating power 
also could lead to deterioration of the filament. This problem may be 
overcome by using a set of, filaments in such an arrangement which could give 
rise to sufficient electron flow at low filament brightnesses. The enhancing 
effect of the hot filament on the oxidation rate during the measurements 
also introduced uncertainty for the value of oxide thickness, but this could 
be solved by using a ramp voltage generating, and recording plate currents 
and voltages for any sweep time.
5 . 6 Conclusions
tr
I-v characteristics of a Triode can be used as a method to measure 
the conductivity of thin oxide films, and to investigate the mode of oxide 
growth. Iridium filaments are preferable to tungsten, but in the presence of 
the oxidizing gas makes the achievement of the space charge control zone 
difficult. The technique is favoured for conductivity measurements on oxides 
with electrical resistivities capable to change the dynamic resistance of the 
valve.
C H A P T E R  6
GENERAL DISCUSSION
6.1 Introduction
Conclusions obtained from observations of the effect of a hot 
filament on the protective oxidation of copper were that the enhancement 
of the oxidation rate is related to the generation of some active oxygen 
species in the vicinity of the heated filament, Section (3.1.4.2d). The same 
behaviour was also observed in the oxidation of nickel, confirming that 
the same oxidation mechanism is operative in the thin film protective 
oxidation of each of these metals.
The response of the oxidation kinetics to the hot filament suggests 
that the gas/oxide interface plays a major role in determining the 
reaction kinetics, i.e. the rate controlling step is located at this 
interface in contrast to the proposal of both the Evans and the Uhlig 
models which locate the rate controlling step at the metal/oxide 
interface.
The rate-controlling step of reaction is defined as the slowest 
step in the reaction sequences at the gas/oxide interface. A sequence
of the possible reactions which may occur in the process of oxygen
. . (94)incorporation m  the oxide lattice can be represented as follows
( 0 2 (gas) = 0 2 (ads) (6 .1 )
(
A ( 02 + e = 02 - 1 (ev) (6.2)
( Ol + e = 20“ + 2.1 (6.3)
( 0 2 = 2 0 + 5 . 1  (6.4)
B ( 0  + e” = 0” - 2.1 (6.5)
( 0“ + e” = 02~ + 6.5 (6 .6 )
where all reactants and products are in the ground state, and in 
assigning the energies it has been assumed that the energy changes are 
not too much affected by the presence of a solid surface. The sequences 
in group A are those which follow the ionisation of an adsorbed 
molecule, while group B follow the route of dissociative adsorption.
For the normal oxidation condition, where molecular oxygen is
the only species interacting with the specimen surface, the most
-(9 4 )
probable chemisorbed species formed first on the surface is O 2  
The effect of the hot filament may be to transfer the molecular oxygen 
to a higher activated state (0 |), a charged molecular species, or an 
atomic species. Hence, the first adsorption step cannot be decided 
before the identity of the predominant oxidizing species is defined.
In order to do this the effect of the hot filament must be described.
The energy of the emitted electrons from the heated filament 
consists of two parts, a mean KT term, which corresponds to the thermal 
emission of electrons, and another term which comes from the electro­
static potential energy of electrons.when they leave the filament 
surface. Any other potential applied to the nearby surfaces such as 
grids and plates may affect the energy distribution, as well as the 
number of emitted electrons.
Although in most cases the potential applied to the specimen was 
below the ionisation and even the dissociation potential of molecular 
oxygen, the independence of the. filament induced oxidation rate from 
the field polarity shows that the species which alter the oxidation 
kinetics are those generated under both the reverse and forward fields, 
and also with no applied field. In these circumstances 
the mean energy of the emitted electrons can be much below the required 
energy for oxygen molecules to be dissociated and yet the oxidation 
rate is still accelerated. The temperature of the filament in the hot 
condition is about 2000°K, and the electrostatic potential applied to 
the emitting electrons was less than twTo volts. This is thus the total 
energy necessary to create the active state of oxygen molecules (O2 ) or 
ions (02) which is able to accelerate oxidation. Electrons with a 
maximum energy of KT + eV which approximates 2 eV at the filament 
surface could activate the 0 2 to the electronic activated states of 
1 Ag and 1 .These are approximately 1.0 and 1.6 volts above
the ground electronic state of the molecule. They have short life
-8 - 1 0
times of the order of 1 0  - 1 0  second, and are thus unstable
molecules which will return to the ground state. The formation of 0 2  
ions by low energy electrons, i.e. of the order of 0.5 eV is 
also a possible effect of the filament, this ion has a ground state 
1 eV lower than 02.
The process of electron attachment thus has been interpreted by 
Block and B r a d b u r y a s
0 2 + e -----4= 02  ^ (6.7)
where the * denotes the presence of vibrational excitation followed by
a collision process m  which 0 2 becomes deactivated.
* _
0 2 + 0 2  0 2 + 0 2 + energy (6 .8 )
The life time of the 02 ion is determined by* the energy required 
to detach the electron, which can only be obtained by transfer of 
kinetic energy from other molecules at sufficient level to overcome 
the electron affinity of 02 (~1 eV); in practice the 02 ion is 
relatively stable.
The above argument shows that in the presence of the hot filament 
both active oxygen molecules and 0 2 are species which could be produced 
in the vicinity of the filament. The fact that the grid shields the 
anode from the ions produced near the filament, and also the evidence, 
that the induced oxidation rate is independent of the polarity of 
potentials applied to anode and grid, shows that charged species such 
as 02 cannot be responsible for the induced rate. Thus it may be 
assumed that the active species concerned are the uncharged molecules 
m  the l.Ag and 1 Eg states, which have energies greater than the 0 2  
ground state.
Whilst energitic oxygen molecules may be identified as the 
oxidising species, it is necessary to decide whether routes A or B 
in reactions (6.1) to (6 .6 ) would be favoured. It could be assumed
that the adsorption of an active molecule would strongly favour the 
dissociative adsorption route B, equations (6.4) to (6 .6 ). Landsberg 
has also shown that a rate limiting chemisorption step could give rise : 
to a logarithmic rate of oxidation. However, the energy required to 
achieve dissociative adsorption is particularly high (5.1 eV) even 
for molecules which are already -1 eV above ground state. Adsorption 
of route B would also entail ignoring the very detailed evidence 
provided by Uhlig relating the rate of oxidation to the electron 
density since, in this route, electrons and molecules do not appear on 
the same side of an equation.
Route A does have the advantage of involving the electron density 
in the primary chemisorption process as step (6 .2 ) following adsorption. 
If the activation of oxygen is to affect the kinetics of this step
(6 .2 ), it must be assumed that the active state is retained, briefly, 
following adsorption, i.e.
0* gas -> Of (ads) (1A)
Of (ads)  * 02 - 2 eV (2A)
Although the net exothermic energy change in step (2A) is now greater 
it is possible that the activation energy barrier to acquisition of the 
electron by 0 2 is less than in the corresponding case for inactive 
molecules *
The above argument explains the effect of the hot filament. At 
the same time it shows that the rate controlling step in the logarithmic 
oxidation is the first electron transfer to molecular oxygen.
Although the reaction rate is controlled at the gas/oxide 
interface, the variation of oxidation rate from one metal to another 
depends on the electron distribution across the oxide, as well as the 
number of the available surface sites for adsorbed oxygen molecules 
^ 2 ^ads‘ matter will be discussed in the following pages.
By reference to the above remarks, and also the observed transition
to the parabolic law in the presence of the heated filament, the 
appropriate oxidation steps in protective oxidation of copper and 
nickel is shown in Table (6.1).
When the number of O 2 received by the sample is large, the rate 
controlling step will change from:
0 £ + e ———> O2 (6 .2 )
to that of vacancy diffusion across the oxide, which is proposed as 
the reason for the exchange of logarithmic for parabolic kinetics 
observed in the present work. If the number of active oxygen molecules 
could be controlled in some way, the effect might be of an increase in 
the rate of logarithmic oxidation with the same rate controlling step 
as the normal case. One oxidation run was carried out when the filament 
was offset for 3 cm which led to a logarithmic rate law, but with a 
higher rate, Fig. (6.1). This effect can be explained in terms of the 
reduced amount of active oxygen received by the specimen compared to the 
usual conditions, i.e. when the filament is nearer to the sample.
Having equation (6.2) as the rate controlling step, the oxidation 
rate can be written as:
■- K|0 2|ads |e| (6 .1 0 )
The effect of 0* which is a change in the oxidation kinetics can be 
either an increase in the rate of oxidation while the rate law remains 
the same (logarithmic); or a change from the logarithmic to parabolic 
kinetics.
6.2 Logarithmic oxidation in the presence of active molecules
Under this condition, we have
dxi • *
S T  = Ki|02|ad8 |e| (6.11)
Depending on the effect of O2 there are two possible cases:
(a) Active oxygen molecules change the concentration of adsorbed 0 2
i*e* l°2 lads> in such a way that IO2 I > | ° 2  j ads» as well as
TABLE 6.1
02(gas)  > 02(ads)
0 2 (ads) + e 0 2 (surface)
0 2 + e --------> 2 0
MO + M p  +
M l
M p + M  + @ + e =
Oxidation without the heated filament
* * 
0 2 (gas)  > 0 2 (ads)
0 2 (ads) + e -------- > 2 0
0   -» MO + m’d + ©
slow step -»• | 1
M o  + M + 0+.e
Oxidation in the presence of the heated filament
nil
nil
•f* 4
M p Metal ion vacancy
@ Positive hole
1 Transport step
Wt
. 
Ga
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g/
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2)
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10'
log t
Figure 6.1. Oxidation of copper in 0 2 > 0.5 torr, 523°K. 
Filament was heated between A and B and the sample was off—set.
permitting a reduction in the barrier energy of reaction (6.2), 
and thus an increase in the value of K. Here we have the 
following conditions:
dxi dx
> 5? . K U  > |02 | and K, > Kdt dt 1 1  ads 1 1 ads
(b) The activation energy of reaction (6.2) decreases whilst
1O2 ! j = |O2 | , , the reduction in activation energy appears as
ciCiS cLuS
an increase in the value of the rate constant K, therefore we
have
dxi ,
tt- > —  , IO2 1 , « 1021 , , and Ki > K dt dt ’ 1 z' ads 1 * 1 ads ’
In order to find out which of the above situations, i.e. (a) or
(b), is closer to the truth, the 0 2 concentration as a function of the tota
number of surface sites N, should be defined . For example, if it could be 
shown that |02| , = |02| , = N, the filament effect will be shown to
cICIS , cLGS
be attributable only to a decrease in the activation barrier of step
(6 .2 ).
Defining N = total number of surface sites and S = vacant surface 
sites, we have
02 (gas) + S — — — ► O 2 (ads) (6.1)
l° 2 L dsK 2 =------§£!_ (6 .1 2 )
po2|sl
The total number of surface sites is conserved.
Hence, N = / S / + /02 /adg................(6.13)
If S ^ o then the concentration of adsorbed oxygen will depend on the 
value of I< 2 which may differ where active molecules are involved, whilst 
if S = o the surface is always saturated and the concentration of adsorbed 
oxygen is independent of the equilibrium constant.
i i '°2lads
lSl = - K ^  (Where P = V
Therefore
0 2
H - l^'ads + - K ^  ’ Iliads (1 + KlP> ' (6'14>
or
Iliads “ — V  < (6-15)
1  + K^P
The applicability of conditions (a) or (b) will depend on 10^ | a(^ s > 
which in turn depends on the magnitude of K 2 P. Two cases can be 
recognised:
(1) If 1 + > 1, then
|°2|a d s < N (6.16)
and the filament effect could promote an increase in 1 0  ^ | ac^ s 
in accord with condition (a) above, or
(2) If 1 + ■jjij- = 1, then
|0 2|a d s = N  (6.17)
and the filament effect cannot increase the surface
concentration of oxygen and condition (b) must be applicable.
As the experimental results show, the oxidation rate is not 
strongly dependent on Pq^. Thus within experimental error it may be 
assumed that the surface is close to saturation. Hence the effect of 
the heated filament is expected to be predominantly a decrease in 
activation barrier of step (6 .2 ).
In order to derive a logarithmic rate law in accord with the above 
proposition, the relation between the oxidation rate and other parameters 
may be shown after inserting 10^ | ac^ s from equation (6.15) into (6 .10),as:
|e| (6.18)
“ 1  +
k 2p
Apart from N and P, the other parameter which determines the oxidation 
rate is lel0 /g» th0  electron density at the oxide/gas interface. In
order to determine the oxidation rate from equation (6.18), le l0/g 
must be determined as a function of oxide thickness (x). The value of 
| e 10yTg depends on the electrostatic potential difference across the 
oxide which itself depends on the surface charges at the oxide/gas and 
metal/oxide interfaces, and on the space charge across the oxide.
The literatures on surface potential measurements at low 
temperature and a few monolayers of oxygen coverage, show a negative 
surface potential corresponding to the negative surface-charge at the 
oxide/gas interface. Unfortunately for thick oxide films, there is not 
much information on the magnitude and changes in this surface potential 
as oxidation proceeds. The only studies are those by Hirshberg and 
Lauge^^, Uhlig^^ and Kirk et a l ^ ^ ,  which show negative surface 
potentials which increase linearly with the oxide thickness. The 
linear relationship between the oxide thickness and the surface 
potential is important in the sense that it shows the dominant role of 
the constant surface charge compared to the possible existence of the 
space charges across the oxide.
We assume that the space charge across the oxide is negligible, 
or with a better approximation, the contribution of the space charge 
on the potential difference across the oxide is negligible, and the - 
electron concentration at the oxide/gas interface may be written as
|e| = jel^exp (6.19)
where |e |Q is fixed by the metal, q is the charge of the surface 
species and v is the potential difference across the oxide which is 
only due to surface charges at the oxide/gas interface. By analogy to 
linear potential differences measured by the above mentioned workers 
we also assume that the surface charge is constant, and the field . 
produced by these ions is
E = Armqx/e (6.20)
where n is the concentration of the negative surface charges, and q is
their mean charge. The surface species which build the
surface charge are assumed to be the partially incorporated ions in 
the oxide/gas i n t e r f a c e ^ . These newly incorporated oxygen ions 
will remain near their interfacial positions, and it is the voltage 
set up by these field producing ions which is applied across the 
oxide. Inserting v = Ex in equation (6.20) leads to
- W n X/ekT
e|Qexp (6.21)
Combining equations (6.18) and (6.21) leads to:
dx _ KN it -4irq2 nx/
at -  :— r  le l0exp (6-22)
1  + KiP
This differential equation results in the direct logarithmic rate law,
x = K log(~ +1) (6.23)
o
after integration between t = o and t = t. The constants IC and t^ are,
2.303 ekT 
4Trq2n
(1 + gTp)ekT
t = ------------  (6.24)
° K|e|o x 4irq2n
The pressure dependence of t clearly reflects the observed decrease in 
the magnitude of tQ when pressure of oxidation increases from 0.5 torr 
to 5 torr in oxidation of copper.
It is important to mention that the effect of magnetic trans­
formation, such as the one observed at the Curie temperature, in
(121)
oxidation of nickel and the effect of orientation on the oxidation 
rate can also be explained according to the above model, because in such 
circumstances the Fermi surface and consequently |e|Q will change^^, 
and this in turn will change the rate of oxidation.
(37)Although the model proposed by Ritchie and Hunt 7 derives the
direct logarithmic behaviour on the assumption of the second electron 
transfer to ionic oxygen, it cannot explain the effect of active 
oxygen molecules on the oxidation kinetics observed in the present 
work.
6.3 Induced parabolic rate
The experimental evidence suggests that when the number of active 
oxygen molecules reaching to the specimen surface exceeds a critical 
flux, the rate controlling step will change to ionic diffusion across 
the oxide. Thus, parabolic kinetics are observed in the presence of a 
heated filament.
The calculated activation energy of this induced rate is 
smaller than the corresponding activation energies at higher 
temperatures where the normal parabolic rate law exists. With a
diffusion controlled parabolic law the difference in activation 
energy can be the result of a change in the relative importance of 
lattice diffusion and grain boundary diffusion.
The most reasonable explaination for these lower activation 
energies at low temperature is that short-circuit diffusion is the 
operative mechanism for the observed filament induced kinetics.
C H A P T E R
CONCLUSIONS
It has been clear since Uhlig’s original paper , that for some
metals the rate of protective (logarithmic) oxidation is controlled by
electron transfer from metal to the oxidizing gas. Unfortunately, some
(44)
of the mathematical steps in Uhlig’s derivation are incorrect 
Both Frombold and Ritchie have subsequently derived the logarithmic 
oxidation law using models based on the importance of electron transfer, 
but they have retained only part of Uhlig’s ideas in their derivations 
of this rate law.
The present re-investigation of the experimental facts, and of the 
rate controlling steps in the logarithmic oxidation of the metals used 
as models by Uhlig, provides evidence supporting Ritchie’s idea of an 
electron transfer barrier located at the oxide/gas interface. However, 
the results obtained do not agree with the view that it is the second 
electron transfer, but rather that it is the first electron transfer to 
the gaseous oxygen molecule which is the rate controlling step of the 
reaction.
The low temperature oxidation behaviour of a Cu-Ni alloy shows 
that, although the oxidation kinetics follow a logarithmic rate law, 
the rate controlling step does not coincide with those of the parent 
metals. Here the rate controlling step is diffusion across the oxide, 
and the logarithmic behaviour is explained in terms of Evans 
model of the growth of ionic barriers.
Although the,oxidation rate of the metals investigated did not 
respond to the short-circuiting of an electron flux to the oxide 
surface, the technique itself does provide a means for measuring the 
conductivity of a growing oxide phase. The preliminary results do 
suggest that the specific resistance of very thin films may be greater 
than that of the bulk material.
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THE OXIDATION OF CUPRONICKEL ALLOYS-I. XPS 
STUDY OF INTER-DIFFUSION*
J. E. C a s t l e  a n d  M. N a s s e r ia n -R ia b i  
University of Surrey, Department of Metallurgy and Materials Technology
Abstract— The outer surface of thick oxides formed on the high copper-cupronickel alloys is invariably 
copper oxide, yet at room temperature the oxide film is entirely nickel oxide. The ESCA (or XPS) 
technique has been used to determine the temperature at which overgrowth of the initial nickel oxide 
by cuprous oxide takes place on a 60/40 alloy. By means of interrupted oxidation runs on a heated 
probe in the ESCA spectrometer, the physical and chemical displacement of Cu20 by NiO has been 
followed. It is concluded that the diffusion step in this displacement reatcion is probably rate controlling 
during oxidation of the alloy at temperatures up to 650°C.
The XPS spectra have been interpreted quantitatively and excellent agreement is found between 
the calculated stoichiometry and the chemical shifts of the Auger spectra.
1. INTRODUCTION
T he  c u p r o n ic k e l  alloys have frequently been chosen as model systems for the study 
of the mechanism of high temperature, gaseous, oxidation of alloys.1-4 The two metals 
form solid solutions over the entire range of compositions whilst the oxides appear to 
have no mutual solubility. Once the oxide layer on a 70/30 alloy has grown to a 
thickness that permits micro-analysis it is found to have a duplex structure with the 
copper oxides overlying the nickel oxide.4 This is in contrast to the oxide formed at 
room temperature which is found by XPS to be solely nickel oxide.5 On the 50/50 
alloy which is resistant to oxidation the nickel oxide is not completely overgrown. 
However, on all higher copper alloys the transition to the high temperature structure 
appears to occur at temperatures below 200°. Although at such low temperatures we 
have no proof that the duplex structure is fully developed—dovetailing nuclei would 
give analyses similar to those found by XPS Fig. 1(a)6—the necessary differentiation 
into preferred strata has certainly occurred. The further growth into duplex layers of 
many microns in thickness and with a fine-grained NiO inner layer as depicted in 
Fig. 1(b)4 does, however, raise conceptual problems. In particular copper species 
must be able to cross the inner layer together with either nickel ions or a reverse flux 
of oxygen ions or molecules. The mechanism of transport in inner layers of multiplex 
oxides is always difficult to establish; however, in an attempt to show that such 
mobility does exist at the low oxygen potentials found in the inner layer, we have 
vacuum annealed a partially oxidized 60/40 cupronickel alloy on the hot stage of a 
Vacuum Generator’s ESCA 2 spectrometer. The XPS spectra obtained show clearly 
the progress o f the displacement reaction (1)
Cu20  +  Ni 2Cu +  NiO (1)
♦Manuscript received 21 March 1974.
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Conglomerate'
650°C
F ig .  1 .: The structure of a duplex oxide.
(a) Probable early stage: cuprous oxide has inter- and over-grown the initial coverage of 
nickel oxide crystallites.
(b) Structure based on microprobe analysis of thick films.
at temperatures as low as 160°C. This novel use of XPS also gives interesting corro­
boration of the sensitivity factors for Cu, Ni and O published by Jorgensen.7 It 
allows some clarification of the relative ease of the several possible transport steps 
which may occur during the oxidation of cupronickel alloys.
2. EXPERIMENTAL
2.1 Oxidation
Specimens of 60/40 cupronickel alloy (Ni, 40-9, Cu, 59-1%, all other elements 
<  0-1 except Fe <  0-2%) were prepared by abrading to 600 SiC, polished to 1 pun 
diamond finish and mounted on the specimen probe. After evacuation to 10~7 T the 
specimens were etched in the argon ion beam (15 [xA; 2000 eY ions; Iontech Ltd., 
Teddington, Middx., England) for 15 min to remove surface oxide and raised to 
reaction temperature before admitting oxygen at 0-4 T. At the end of the oxidation 
period the chamber was re-evacuated and the sample heater disconnected. Spectra 
could be obtained within minutes of the cessation of oxidation and normally showed 
copper oxide, when present, to be in the cuprous state. XPS itself has been shown to 
be able to reduce cupric ions to the cuprous state8 but only after exposure to A1 ka 
radiation for very much longer times than used in the present work. However, it is 
likely that cupric oxide was present in:; the outer layer during oxidation but was 
reduced rapidly during the evacuation sequence. One sample was oxidized accidentally 
at a pressure several times greater than 0-4 T and this retained its cupric oxide. Runs 
were carried out in this way at 25, 160 and 250°C. The specimen exposed at 25°C was 
also oxidized in sequence for a further 30 min at 85°C and 60 min at 125°C without 
intermediate cleaning. The results of all these runs are included in Fig. 2.
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Fig. 2. The spectra obtained from 60/40 alloy after oxidation. The inset shows the
NL
auger spectra necessary for interpretation of the valence state of copper.
2.2 Reduction
Following the oxidation sequences described above specimens were allowed to 
anneal in vacuo at reaction temperature. Spectra were recorded after the first hour and 
then at intervals until the cuprous oxide was completely reduced to metallic copper. 
During the course of reduction by annealing at 250° the opportunity was taken to see 
if any accelerating effects of electron impingement could be observed. A thoriated 
iridium filament was set up in the preparation chamber and for two discrete periods 
of one hour a potential difference of 10 V was set up between specimen and filament 
to give a specimen current of 12 pA. Spectra were recorded before and after this 
exposure to electrons. The field was then reversed for 1 h with the filament remaining 
on, after which treatment spectra were again recorded. The filament was then switched 
off and the annealing allowed to continue without further interruption. This subsidiary 
experiment was an attempt to establish whether electric fields were able to influence 
the relative diffusion rates of the copper and nickel species. In fact, no effect was 
observed but the results are included, for sake of accuracy of presentation, in the 
following section.
2.3 Kinetic studies
Measurements of the weight change on oxidation of a 70/30 Cu/Ni alloy and during 
its reduction are previously unpublished results obtained (J.E.C.) using a Gulbransen 
type vacuum microbalance to be described later in Part II of this series. They are 
introduced here* because of their pertinence to the present discussion.
*With the permission of the Director, Central Electricity Research Laboratories, Leatherhead, 
Surrey, England, where the work was carried out.
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3. RESULTS
The spectra obtained from samples after oxidation are presented as a three- 
dimensional montage in Fig. 2. Although there has been some oxygen adsorption at 
25°C the spectra after 900 s. (~  108 Langmuirs) remain those of copper and nickel 
metal. After a further 1800 s at 85° the Ni 2p peaks show the characteristic satellites of 
nickel oxide. The presence of cuprous oxide cannot be deduced from the shape or 
position of the Cu 2p peaks,9 but the Cu LMM Auger peaks included as an inset show 
that at this stage there is no copper oxide on the surface. The first evidence of the over­
growth of the nickel oxide by copper oxide (cupric) is found after a further period of 
3600 s at 125°C: the nickel peaks are now reduced in intensity in both the 2p  and 3p 
positions. The oxygen pressure was uncertain in this exposure. However, the spectra 
from the fresh sample exposed at 160° for 3 h confirm that copper species are now 
selectively enriching in the outer layers. The further set of spectra for 250° show that at 
this temperature, after only 1800 s, the copper oxide completely occludes the first 
formed nickel oxide. The Auger peaks for both these higher temperatures confirm the 
copper to be in the cuprous state.
The series of spectra obtained on annealing at 250° are presented, again as a 
montage, in Fig. 3 and show clearly the progress of the displacement reaction (1). The 
oxygen concentration in the surface layers remained remarkably constant, whilst the 
copper peaks diminished and the nickel peaks increased with time. The oxidation state 
of the surface nickel is readily identifiable as Ni2+ by the presence of the satellites 
(Fig. 3). We again recorded separately the Cu LMM Auger peak which is given in 
Fig. 4. This shows clearly the change from Cu+ to Cu° as reduction proceeds. It is 
evident that both species are present in the surface at most stages of reduction. 
Eventually only copper is left on the surface and this continues to fall slowly. Once 
the copper was fully reduced there was no further increase in the nickel peaks.
IOOO
Binding energy. eV
Fig. 3. Photoelectron spectra showing the progress of the displacement reaction at 
250°C. The times at which “field” experiments were carried out are shown in Fig. 5. 
The Ni 2,p peaks are repositioned for clarity of presentation.
The oxidation of cupronickel alloys—I 541
9 2 59 2 00  9 1 5
Kinetic energy, eV
Fig. 4. The Auger spectra illustrating the changing state and concentration of copper 
during the course of the displacement reaction at 250°.
4. DISCUSSION
Examination of the photoelectron and auger spectra of Fig. 3 and 4 show that 
nickel displaces copper in a physical as well as a chemical sense. This is unexpected: 
simple dissociation and transport of oxygen to the underlying nickel rich alloy would 
leave a high surface coverage of copper metal. Similarly the displacement reaction (1) 
would be expected to occur at the oxide/oxide interface without physical displacement 
of the reactants.10 In fact we are faced with the evidence of a reversal, during annealing, 
of the copper flux which must occur during oxidation. The qualitative information 
available from peak position can be supplimented by semi-quantitative interpretation 
of peak heights using the sensitivity factors first published by Wagner11 and later 
extended by Jorgensen.7
We used for the N i2+ factor a value obtained by proportioning the Jorgensen 
factor in the ratio of peak heights of pure nickel and nickel oxide obtained in previous 
work.0 The Cu 2p peak shows little alteration on conversion to Cu20.° The results of 
normalization in this way are plotted in Fig. 5(1) and it is particularly satisfying to 
observe the close approach of the nickel/oxygen ratio to unity coincidentally with the 
disappearance of the cuprous Auger. The abrupt arrest of nickel transport at this 
point shows also that the driving force for diffusion was the reduction process. A plot 
of the square of the nickel concentration (Fig. 5b) shows its rate o f increase to be that 
expected from diffusion control.
These results throw interesting light on the oxidation behaviour of the alloys. In 
the first place both copper and nickel are able to diffuse readily across the inner layer— 
or its precursor of Fig. 1(a). At such low temperatures we must presume that surface 
diffusion is the probable transport process. Secondly both copper and nickel diffuse 
at a similar rate. Copper would diffuse under the activity gradient between the freshly 
reduced oxide and the solution of copper in its alloy. The driving force for nickel 
transport is that of the chemical displacement reaction and enrichment of nickel in 
the surface abruptly ceases once (1) has reached completion. We conclude that supply 
of nickel is the rate controlling step in the reduction process. The residual copper 
metal signal probably arises from traces of the metal in unfavourable surface sites 
whilst the bulk of the reduced copper redistributes itself very rapidly. We find no 
evidence for transport of molecular oxygen. Other workers2-3 have carried out inter-
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Fig. 5. The relative concentrations of ions in the surface layers as displacement pro­
gresses at 250°C.
(a) Linear plot. At 3 h an electron flux of 12 [A/cm2 was passed through the oxide for 2 h.
The specimen temperature at this time was 125°C. No influence on the relative concentra­
tions of ions was observed. A  similar field was applied between 6 and 7 h with the 
sample at reaction temperature. Again no influence was observed.
(b) Parabolic plot of Ni2+ concentration.
rupted oxidation experiments with Cu/Ni alloys without finding the striking evidence 
of mass transport during the displacement reaction which we present here. However, 
all the earlier studies have been at much greater temperatures. Above 650° conglomer­
ates of NiO and CuaO oxides begin to form early in the oxidation cycle as the duplex 
structure breaks down—probably because of the complete conversion of the copper- 
rich layer to CuO and the attendant nucleation of Cu20  within the NiO layer. A 
consequence of this is that the kinetics of annealing become quite different. The 
change in mechanism is apparent from the kinetics of re-oxidation after readmission of 
oxygen which are quite different from those found at temperatures below 650°C. As 
illustration of this we given, in Fig. 6, a set of oxidation curves for a 70/30 alloy at 300, 
500 and 650°C. At 300 and 500°C the reoxidation after vacuum annealing restores 
the weight gain to that which it would have been had the run not been interrupted. At 
650°C, however, the Cu/Ni behaviour is closer to that of copper than that of the Cu/Ni 
at low temperatures. Also at 800°C the behaviour observed by Yamashima and 
Nagamatsuya3 was close to that illustrated here for copper itself. The peculiar 
behaviour of the alloys at 300-500°C indicates most strongly that an internal diffusion 
step, which can continue as a displacement reaction in the absence of molecular oxygen, 
is rate controlling. We presume this controlling step to be diffusion across the inner 
layer in accord with the XPS evidence. The identification of an internal transport step 
as rate controlling is important to the industrial use of these alloys in, for example, 
heat exchanger construction.12 The implication is that intermittent ingress of oxygen
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F ig .  6. The kinetics of reaction during a displacement reaction on 70/30 alloy. At 300 
and 500°C the weight gain rapidly recovers after interruption. At 650°C the oxidation 
curve is displaced by the interruption. The curve for copper is included to show the 
‘normal’ behaviour when a displacement reaction cannot take place.
to a neutral environment will give oxidation rates close to those determined for the 
continuous presence of oxygen.
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